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SUMMARY
( i i i )
The aim o f th e  work d e sc r ib e d  in  t h i s  th e s i s  has been to  f u r th e r  th e  e x is t in g  
knowledge o f th e  chromium ( i l l )  -  phosphoric  a c id  system  in  aqueous m edia. 
Because o f the  le n g th  o f tim e re q u ire d  f o r  th e  system to  a t t a i n  
e q u ilib riu m  a t  room te m p e ra tu re , th e  m a jo r ity  o f th e  s o lu t io n s  in v e s t ig a te d  
\?ere aged a t  70°C. Methods f o r  d e c id in g  w hether e q u ilib r iu m  had in  f a c t  
been reached  v/ere de term ined .
At 70°C, a  phase diagram  study  o f th e  system  Cr^O^-P^O^-H^O gave a 
s e r ie s  o f p a r a l l e l  t i e - l i n e s  and no compound co u ld  be i s o l a t e d  as such ,
A p re lim in a ry  in v e s t ig a t io n  in to  th e  n a tu re  of the  s o l id  m a te r ia l  in d ic a te d  
th a t  i t  behaved as an io n  exchanger. P o ss ib le  s t r u c tu r e s  have been p u t 
fo rw ard .
The r e s u l t s  o f ion-exchange s tu d ie s  c a r r ie d  ou t on b o th  s a tu r a te d  and 
u n sa tu ra te d  s o lu t io n s  o f th e  system  in d ic a te d  th e  e x is te n c e  o f  p o ly n u c le a r 
s p e c ie s . The b a tc h  s tu d ie s  u s in g  c a t io n  exchange r e s in s  o f v a ry in g  degrees 
o f c r o s s - l in k in g  show t h a t  th e re  i s  a  marked 1 s ie v in g  o u t1 e f f e c t  where th e  
c r o s s - l in k in g  i s  heavy. Prom th e  chrom atographic s e p a ra tio n s  employing 
th e  technique of g ra d ie n t  e lu t io n  th e  PO^ : Cr r a t i o  of a number of th ese  
complexes have been e v a lu a te d . P robable s t r u c tu r e s  have been a l lo c a te d  to  
th e se  7 com plexes. Modes o f  fo rm atio n  have a lso  been  d is c u s se d .
The s t ru c tu re  o f th e  c a t io n ic  com plexes e x i s t in g  i n  s o lu t io n  and the 
n a tu re  o f  th e  s o l id  phase in  c o n ta c t w ith  a s a tu r a te d  s o lu t io n  a re  d iscu ssed  
in  term s o f a concep t of ’’- o la t io n "  which i s  h e ld  to  be capab le  o f  e x te n s io n .
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PART I
GENERAL BTTRODUCTION
SECTION A,
HISTORICAL BACKGROUND.
Chromium ( i l l )  Compounds and S o lu tio n s#
The e x is te n c e  of two w e ll-d e f in e d  s e r ie s  of ohromium ( i l l )  compounds 
has been known f o r  a lo n g  time* The c h ro n o lo g ic a l b ib lio g ra p h y  
by Graham ( l )  who surveyed th e  l i t e r a t u r e  from 1341 -  1912 p rov ide  
exam ples in  r e l a t i o n  to  th e  ohromium ( i l l )  su lp h a te  system* 3h 
many in s ta n c e s  th e  d iv is io n  in to  th e se  two s e r ie s  i s  p e rp e tu a te d  
when th e  compounds a re  d is so lv e d  in  aqueous m edia.
SERIES A. -  V io le t  Chromium ( i l l )  Compounds and S o lu t io n s ,
Two examples may be q u o ted , namely th e  v io l e t  ohromium ( i l l )  f lu o r id e  
hexahydrate  p e rp a red  by Werner and C ostachescu  (2 ) and th e  v i o l e t  
chromium ( m )  c h lo r id e  hexahydrate  p rep a red  by R ecoura ( 3 ) .
SERIES B* -  Green Chromium ( i l l )  Compounds and S o lu t io n s ,
Two examples may be quoted  as i l l u s t r a t i n g  t h i s ,  namely th e  p a le
g reen  chromium ( i l l )  c h lo r id e  hexahydrate  p rep a red  by B^errum (h )
and chromium ( i l l )  c h lo r id e  t r ih y d r a te  p rep a red  by R ecoura ( 5)*
For a f u l l e r  review  the  l i s t  com piled by P f e i f f e r  (6) in  190S may be*,, 
c o n su lte d .
From a sfctdy o f p h y s ic a l  and chem ical p ro p e r t ie s  of SERIES A compounds 
and s o lu t io n s  i t  has been e s ta b l is h e d  th a t  th e  s t r u c tu r e  of th e  
v i o l e t  form s is j^K H gO )^!!^  xH^O w ith  th e  s ix  w ater m olecules
o c ta h e d ra lly  d isposed  around th e  c e n t r a l  Cr io n . T his view i s
- 2 -
supported  by th e  evidence of c r y s t a l  s tu d ie s  and p o la ro g ra p h ic  
s tu d ie s  on v io l e t  chromium ( i l l )  t r i c h lo r id e  hexahydrate  by /ind ress 
and C arp en te r (7) and by W il l is  (8)^ and p o la ro g ra p h ic  s tu d ie s  on 
v io le t  chromium ( i l l )  su lp h a te  by D atar and K ulkurn i (9)*
In  g e n e ra l ,  in  th e  SERIES B Compounds, i t  has been  shown th a t  an 
an io n ic  lig a n d  group or atom has e n te re d  th e  c o -o rd in a tio n  sphere 
of the h y d ra ted  ohromium ( i l l )  io n  to  give a. complex io n  o f the
t
type [Cr (H g O ^A ^
For example B^errum (4) has shown th a t  th e  p a le  g reen  chromium ( i l l )  
c h lo r id e  hexahydrate  when t r e a te d  w ith  s i l v e r  n i t r a t e  p r e c ip i t a t e s  2 /3  
of th e  t o t a l  c h lo r in e  in d ic a t in g  a  fo rm ula  fo r  th e  compound of^Jr(HgO)^
He su pported  th is e v id e n c e  by showing t h a t  th e  two c h lo r id e s  cou ld  
be re p la c e d  by o th e r an ions -  p re p a r in g  in t e r  a l i a  ^G^HgOjj-Clj p tC l^H gO . 
C olson (10) has shown t h a t  th e re  a re  th re e  c la s s e s  o f chromium ( i l l )  
su lp h a te s  in  w hich 3 /3 , 2 /3 , or 3 /3  of th e  t o t a l  su lp h a te  is  no t 
p r e c ip i t a t e d  by th e  a d d it io n  of a co ld  barium  c h lo r id e  s o lu t io n .
He concluded t h a t  th e  su lp h a te  was l in k e d  to  th e  chromium*
The l i t e r a t u r e  on SERIIiS B compounds and s o lu t io n s  seems to  
d is t in g u is h  between two p r in c ip a l  ty p es  of compound or complex ion*
Type Bp -  The Mononuclear S e r ie s ,
T his may be ty p i f i e d  by q u o tin g  th e  example o f th e  th re e  g reen  
m o d if ic a tio n s  o f th e  chromium ( H I )  t r i c h lo r id e  h y d ra te s  as d e sc r ib e d  
by B^errum ( 4) ,  Werner and G-ubser ( l l )  and R ecoura ( 5 ) which have 
been shown to  be th e  fo llo w in g  compounds;
01]  0 1 ^ 0
1 ) . [C r(H 20 ) 5C lj C l2 H20.
2). [cr(H20 )4Cl^| Cl 2HgO.
3 ) .  [ c r ( H 20 ) 3Cl'3]
The complex p a r t  of th e  compound i s  mononuclear and o f g e n e ra l form ula
— (3-nx)+
Where n i s  th e  v a lency  of x and assum ing x to  he a m onodentate 
l ig a n d  group or atom.
Type B2 -  Th© b in u c le a r  and p o ly n u c lea r s e r i e s ,
ouch compounds have been p rep ared  and d isc u sse d  by many w orkers
n o ta b ly  Dubsky (1 2 ) , J e n se n  (1 3 ) , S tia sn y  (14)? B a lan y i (1 5 ) ,
Erdmann (1 6 ) , H a ll and Eyeing (1 ? ) ,  G ustavson (1 8 ),
These s t r u c tu r e s  have been  examined by v a r io u s  methods -  p r in c ip a l ly  
c o n d u c tim e tr ic  methods and th e  suggested  s t r u c tu r e s  invo lve  b r id g in g  
th ro u g h  h y d ro x y l, -oxo - or oxyanion -  between two o r more chromium ( i l l )  
io n s , e ,g .  th e  ethylenediam ene complex d e sc rib e d  by Dubsky (12) 
i s  fo rm u la ted  as ;
~ ^-OH v  \
en0 Cr ^  ^  Cr en9 C l.
2 OH /  J 4
and Erdmann (16) e x p la in s  th e  behav iour in  chromium ( i l l )  su lp h a te  
s o lu t io n s  under th e  c o n d itio n s  of h i s  exam ination  in  term s o f ions
-V*
and th e  w e ll  known - o l  s e r ie s  as d e sc rib e d  by B jerrum  (19) and th e  
-oxo s e r ie s  d e sc rib e d  by S tia sn y  (1^) ‘ in  which th e  b r id g e s  are  
-QH- and - 0-  r e s p e c t iv e ly ,
11, Chromium ( i l l )  -  Phosphoric  Acid System ,
Pew sy stem atic  r e p o r ts  were a v a ila b le  of work on th e  phosphates of 
th e  t e r v a le n t  m e ta ls  -  p a r t i c u la r ly  th e  n a tu re  of th e  complexes 
e x i s t in g  in  s o lu t io n  excep t in  th e  case  of th e  iro n  ( i l l )  -  phosphoric  
ac id  system  -  u n t i l  th e  work of Salmon and h i s  school see e .g .  Salmon 
(20).
In  th e  chromium ( i l l )  -  phosphoric  ac id  system few compounds have been 
d e sc rib ed  a lthough  the e x is te n c e  o f b o th  g reen  and p u rp le  compounds 
in d ic a te s  th e  p resence  of com plexing as v /e ll as sim ple io n s  and s a l t s .  
The p rev io u s  work which i s  re le v e n t  to  th e  p re s e n t  s tu d y  of t h i s  system  
may be d iv id ed  in to  2 p a r t s .
PART 1, S o lid  m a te r ia ls  formed*
PART 2. S o lu tio n  ch em istry  in v e s t ig a t io n s ,
PART 1. A b r i e f  summary of th e  s o l id  m a te r ia ls  t h a t  have been  
c h a ra c te r is e d .  These may be d iv id ed  in to  S e r ie s  A v i o l e t  compounds 
and S e r ie s  B g reen  compounds as fo llo w s .
S e r ie s  A. P u rp le -V io le t  M o d if ic a tio n s , The fo llo w in g  chromium ( i l l )  
phosphates have been  d e sc r ib e d .
A, ^r 2^3 p2°5 - ^ 2°  D u ll p u rp le  hexagonal p la te s  »
B. 2Cr20^ 3P20pj HgO B lack  i r r e g u la r  shaped c r y s t a l s ,
C, Cr 2°3 2P20^ 19H20 P u rp le  hexagonal s e c tio n e d  c r y s t a l s ,
D. ^ 2^3 3P205 B rig h t -  p u rp le  c ry s ta ls *
A has been d e sc rib e d  by G luhnann(2 l), Raanielsberg (2 2 ) , Jo sep h  and Rae 
(2 3 ) , N ess, Smith and Edwards (24) ,  Jameson and Salmon ( 25) .  C has 
been d e sc rib e d  by H aushofer (26) and Jameson and Salmon ( 25) >and B and 
D by Jameson and Salmon (25) .  These l a s t  w orkers d e sc r ib e d  th e se  s o l id s  
and su g gested  p o s s ib le  s t r u c tu r e s  as a r e s u l t  o f a  Phase Diagram s tu d y  
c a r r ie d  out a t  0°C,
S e r ie s  B, Green M o d if ic a tio n s , The fo llo w in g  chromium ( 111) 
phosphates have been d e sc rib e d .
A has been d e sc rib e d  by Glbhmann (2 1 ) , Rammelsberg (22) and Jameson 
and Salmon ( 25) E w h i l s t  B and C have been  is o la te d  by Jameson and Salmon 
( 25) .  These l a s t  w orkers d e sc r ib e d  th e se  s o l id s  as a  r e s u l t  o f a Phase 
Diagram study  c a r r ie d  o u t a t  2jf)0c,
In v e s t ig a t io n s  on s o lu t io n s  of th e  chromium ( i l l )  phosphates in  
phosphoric  a c id  have been c a r r ie d  out by Jam eson and Salmon(25) and 
by Holroyd and Salmon (27) ,  T h e ir  work in d ic a te s  th a t  in  f r e s h ly  
p repared  s o lu tio n s  o f the  p u rp le ,  t e r t i a r y  chromium ( i l l )  phosphate
A, Cr^Oj F^ 'Op. 12Hg:0 P a le  g re e n  m ic ro c ry s ta l l in e  s o l id  *
B, Cr£. 0^ ZPgOij SH^O Dark g reen  s e m ic ry s ta l l in e  s o l i d ,
C. Cr2. 0^ 1CED>'0 B r ig h t g reen  C r y s ta l s ,
PART 2,
d is so lv e d  in  phosphoric  acid, over a range o f 
c o n c e n tra tio n  o f 1$  - 25?? th e re  i s  no ev idence a t  a l l  f o r  th e  complex 
fo rm atio n  in v o lv in g  th e  phosphate io n  in  th e  d ic h ro ic  p u rp le - re d  s o lu t io n  
-  th a t  i s  t h a t  such s o lu t io n s  c o n s is t  o f |c r(H 20) to g e th e r  w ith
*• 2-H2pQjf , HPO^ to g e th e r  w ith  u n d is so c ia te d  H^PO^
-6 -
However i f  such s o lu t io n s  were aged a t  25 °C or 40°C fo r  some c o n sid e ra b le  
tim e th ey  tu rn e d  green  slow ly  and a number o f complexes were rep o rted *  j 
40°C was ap p a ren tly  s e le c te d  f o r  th e  b u lk  of th e  in v e s t ig a t io n  s in ce  j
a t  t h i s  tem p era tu re  co n v ersio n  of th e  p u rp le - re d  s o lu t io n  to  a s ta b le  j  
green  s o lu t io n  took  p lace  a t  a reaso n ab le  r a te  ( i ,  e , a m a tte r  of weeks 
r a th e r  th a n  a m a tte r  of months as i t  was f o r  many s o lu t io n s  m ain ta in ed  
a t  250C or low er) 5 a lso , beoause th e se  w orkers re p o r te d  t h a t  a r a d ic a l  
change seemed to  tak e  p lace  in  s o lu t io n s  m a in ta in ed  above t h i s  tem p e ra tu re t 
This was in  accord  w ith  an o b se rv a tio n  no ted  by V auguelin  (28), 'H olroyd 
and Salmon ( 29) have re p o r te d  th a t  th e re  i s  l i t t l e  ev id en ce , by ion  -  
exchange experim ents, f o r  th e  e x is te n c e  o f c a t io n ic  or an io n ic  complexes 
i n  s o lu tio n s  h ea ted  c o n s id e ra b ly  above 40°C, The pH and ion-exchange 
s tu d ie s  by H olroyd and Salmon ( 27) on s o lu t io n s  aged a t  250 and 40°C 
in d ic a te  th e  fo rm atio n  of com plexes. W h ils t th e  ion-exchange s tu d ie s  
of Jameson and Salmon ( 25) on s a tu r a te d  s o lu t io n s  aged a t  40°C su g g est 
t h a t  th e  fo llo w in g  complexes do e x i s t  Cr(HP0^)j +
and le s s  l i k e l y  j^C r^P O ^j2* and £cr(H 2P0^)^J + • I t  i s  however c le a r
from t h e i r  work t h a t  th e re  were o th e r com plexes in  e q u ilib r iu m  as w e l l .
N ote, In  th e  fo rm u la tio n  o f complex ions th e  c o -o rd in a te d  w ater 
m olecules w hich a re  a lso  p re s e n t a re  om itted  b o th  f o r  sake of c l a r i t y  and 
fo r  c o n c ise n e ss .
SECTION B.
Reasons fo r  u n d e rta k ing th e  p re se n t work.
From the  d is c u s s io n  in  the  p rev io u s  s e c tio n  th e re  emerge a number of 
rea so n s  which made i t  d e s ir a b le  to  f u r th e r  th e  w ork in  th e  f i e l d  of 
th e  chromium ( i l l )  -  phosphoric  ac id  system .
a ) . Work on th e  phosphate  complexes w ith  v a rio u s  t e r v a le n t  m eta ls  
su g g ests  t h a t  th e  phosphate lig a n d  has th e  p o s s i b i l i t y  o f behav ing  as a 
m ono-di-^or t r i - d e n t a t e  lig a n d : w h i ls t  th e  l a s t  i s  th e o re t ic a l ly , ,
p o s s ib le  and, in  f a c t ,  p o s tu la te d  by Weitaland (30) i t  seems u n l ik e ly  
from g eo m etrica l c o n s id e ra tio n s . The f i r s t  two p o s s i b i l i t i e s  seem 
hov/ever to .b e  th e  most l ik e ly .  There i s  one. f u r th e r  p o s s ib i l i t y - ^  
namely th a t  of phosphate s e rv in g  as a  b r id g in g  lig a n d  in  a  p o ly n u c lea r 
complex to  g ive an io n  of th e  t - -
I t  seemed d e s ir a b le  th e n  to  ex tend  th e  work a lre a d y  done in  o rd e r to  
throw  some l i g h t  upon th e  r o le  of phosphate as a l ig a n d  in  th e  g reen  
aged chromium ( i l l )  phosphate  s o lu t io n s ,
b). The p a ss in g  o b se rv a tio n  t h a t  a t  a  tem p era tu re  somewhere above 2^090 
th e  s o lu tio n  of chromium ( i n )  phosphate  in  phosphoric  ac id  undergoes a  
r a d ic a l  change i s  one which c h a lle n g e s  in v e s t ig a tio n *
c ) .  P a r t i c u l a r  i n t e r e s t  stem s upon the  b eh av io u r of chromium ( i l l )  
in  form ing two g reen  s e r ie s  of compounds and complexes -  e s p e c ia l ly
-8 -
w ith  reg a rd  to  th e  fo rm atio n  o f p o ly n u c le a r complexes*
d ) .  The ch em istry  of iro n  and aluminium i s  o f te n  compared t o  t h a t  
o f chromium and work on th e  p a r a l l e l  system s to  chromium ( i l l )  -  
phosphoric  a c id  i . e .  iro n  ( i l l )  and aluminium ( i l l )  phosphoric  ac id  
has been  c a r r ie d  much f u r th e r  and a more com plete p ic tu re  i s  a v a ila b le  -  
hence i t  seemed d e s i r a b le  to  b r in g  th e  s t a t e  o f knowledge in  th e  
chromium ( i l l )  f i e l d  up to  th e  le v e l  of th e  o th e r  two*
SECTION C.
Scope of th e  p re s e n t work and d is c u s s io n  of 
th e  methods u s e d * ______
The Scope o f th e  p re se n t work*
The main o b je c tiv e  of th e  p re s e n t s tu d y  has been the  e lu c id a t io n  
of th e  n a tu re  of th e  c a t io n ic  complex io n s  p re s e n t in  s o lu t io n  above 
40°C. For t h i s  purpose work h as been  c a r r ie d  ou t on s o lu t io n s  of 
^ C r d i s s o l v e d  in  phosphoric  ac id  which were aged a t  70°C*
Other o b je c t iv e s  have been  th e  e lu c id a t io n  of th e  n a tu re  o f any s o l id  
phases p re s e n t  a t  t h i s  tem p era tu re  and e s tim a tio n s  on th e  amount o f 
a n io n ic , c a t io n ic  and n e u t r a l  complexes p re s e n t  in  c e r t a in  so lu tio n s*
In  a d d itio n  a c e r ta in  amount o f work has been c a r r ie d  ou t a t  25°C,
40°C and 100°C in  an a ttem p t to  c l a r i f y  and am plify  th e  knowledge 
p rov ided  by th e  e a r l i e r  work in  th e  f ie ld *
The methods employed in  the  in v e s t ig a t io n  were as fo llo w s ,
a ) ,  'Dynamic1 s tu d ie s .
b)* Phase diagram  s tu d ie s .
C)* S p e o tro p h o to n e tr ie  s tu d ie s ,
d ) , Ionr*exchange s tu d ie s .
The o b je c t iv e s ' i t  was hoped to  achieve w ith  each of th e se  methods*
a ) ,  'Dynamic1 S tu d ie s . Mere v is u a l  o b se rv a tio n  of a s o lu t io n  of 
ohromium ( i n )  -  phosphate in  phosphoric  ac id  i s  ob v io u sly  in s u f f i c i e n t  
to  decide  when a g iven  s o lu t io n  could  be regarded  as com ple te ly  aged.
An ion-exchange and a sp ec tro p h o to m etr ic  method have been dev ised  w hich 
were shown to  be p e r f e c t ly  adequate f o r  t h i s .
b ) , Phase d ia g ram s t u d ie s .
A phase d iagram  study  of th e  system  c'hromium ( i l l )  oxide -  phosphoric  
oxide w ater was c a r r ie d  out a t  70° in  o rd er to  determ ine ( i)  The 
n a tu re  of the  s o l id  phases a t  t h i s  tem perature*  ( i i )  The
com position  of th e  s o lu t io n s  in  c o n ta c t w ith  th e  s o l id  phases a t  t h i s  
tem pera tu re  i .  e . the  s o lu b i l i t y  iso th e rm .
c ) . S peo tropho tom etric  m ethods.
S ince a l l  s o lu t io n s  o f  th e  chromium ( i l l )  phosphoric  a c id  system  are  
h ig h ly  co lou red  i t  seemed lo g ic a l  to  in v e s t ig a te  th e  system  s p e c tro -  
p h o ta m e tr ie a lly . However, a p a r t from  p ro v id in g  a method f o r  d e c id in g  
w hether a s o lu t io n  was f u l l y  aged or n o t l i t t l e  in fo rm a tio n  cou ld  be 
gained from  t h i s  method,
^ )• Ion-exchange s tu d ie s .
Ion-exchange r e s in s  have been used in  th e  e lu c id a t io n  of a number of 
system s of complex io n s  in  s o lu t io n ,  in  consequence s tu d ie s  u s in g  t h i s  
tech n iq u e  c o n s t i tu te d  th e  main method of approach in  th e  p re s e n t s tu d y . 
Four d i f f e r e n t  ways were employed to  t h i s  end.
l ) .  B atch  E xperim en tsJd isp lacem en t of th e  sorbed Or ( i l l )  sp e c ie s  
from th e  r e s in  phase ,
A number of b a tch es  of r e s in  we re  t r e a te d  w ith  v a r i :u s  c'hromium ( i l l )  
phosphate -  phosphoric  ac id  s o lu t io n s  and a f t e r  washing and a i r - d r y in g  
t r e a te d  w ith  v a r io u s  a c id s  and s a l t  s o lu t io n s  in  o rd e r to  in v e s t ig a te  
th e  beh av io u r o f th e  complexes in  th e  p ro c e ss  of rem oval from  th e  r e s in  
phase . The in fo rm a tio n  gained  from th e se  experim ents was of v a lu e  in  
d e c id in g  th e  c o n d itio n s  under w hich column s e p a ra tio n s  o f th e  v a rio u s  
complexes should be c a r r ie d  o u t.
-1 1 -
( l l )  B atch  experim en ts j S o rp tio n  of Cr ( i l l )  sp ec ie s  by th e  
r e s in  phase ,
A la rg e  number of b a tch  experim ents were c a r r ie d  ou t v /ith  s tro n g ly  
a c id ic  c a t io n  exchangers in  th e  H form in  o rd er to  determ ine th e  n a tu re  
and charge of the  v a r io u s  c a t io n ic  complexes p re s e n t in  s a tu ra te d  and 
u n sa tu ra te d  chrom iun ( i l l )  phosphate -  phosphoric  ac id  s o lu t io n s .  
P r im a r ily  th e se  s o lu tio n s  were aged a t  70° b u t work was a lso  done on 
s o lu tio n s  aged a t  25°, 40° and 100°.C*
( i l l )  & (lV ) Column experim en ts,
A number of column experim ents were c a r r ie d  ou t in  a tte m p ts  to  
se p a ra te  and id e n t i f y  th e  c a t io n ic  and an io n ic  complexes p re s e n t in  
th e  s o lu t io n s  under in v e s t ig a t io n .  W h ils t s e p a ra t io n s  were ach ieved  a 
number o f d i f f i c u l t i e s  have been encoun tered  w hich made th e  r e s u l t s  of 
t h i s  work r a th e r  d i f f i c u l t  to  i n t e r p r e t .
The th e o r e t i c a l  d i scu ss io n  o f th e  methods employed.
A) * Dynam ic1 stud  ie  s , see under B asic  E xperim en ta l P ro ce d u re s .
( p a r t  2 Seoti.on A),
B) Phase diagram  s tu d ie s .
The system  under in v e s t ig a t io n  i s  e s s e n t i a l l y  a s o l id - l i q u id  one 
and hence i t  i s  p o s s ib le  to  d is re g a rd  th e  p re s su re  v a r ia b le  and to  
assume th a t  a tm ospheric  c o n d itio n s  r e p re s e n ts  a c o n s ta n t p re s s u re .
Thus t h i s  system  of th re e  components, namely CrgO^ -
which has fou r degrees o f freedom ,has one degree of freedom  fix e d .
The o th e r v a r ia b le s  which may be v a r ie d  in d ep en d an tly  a re  tem p era tu re  
and th e  c o n c e n tra tio n s  two o f th e  components. The o b je c t  of th e  p re s e n t 
work was to  secu re  in fo rm a tio n  a t  70° consequen tly  i t  i s  p o s s ib le  to
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work- under iso th e rm a l c o n d itio n s , and t h i s  means th a t  only th e  two 
c o n c e n tra tio n  term s may be v a r ie d  independently* j
j
in  re p re se n tin g  r e s u l t s  o f such  a system  th e  most u su a l method used  is  the  
t r i a n g u la r  diagram . The use of an e q u i l a t e r a l  t r i a n g le  i s  s ta n d a rd  
p ra c t ic e  and has a  number of advantages* Each s id e  i s  tak en  as re p re se n tin g  }
100^ of one component, 100$ of component A i s  re p re se n te d  by th e  apex
a t  which A i s  lo c a te d . Then th e  s id e  o p p o s ite  apex A namely BC (see  
P ig , l )  r e p re se n ts  0$ of component A th en
1) For any p o in t (p ) in  the  e q u i l a t e r a l  t r i a n g le  (see  P ig  l )  th e  sum 
of the d is ta n c e s  of t h i s  p o in t  to  th e  s id e s  o f th e  t r i a n g le  ( r e p re s e n te d  
by Pa, Pb , Pc in  th e  f ig u r e )  are  eq u al to  th e  le n g th  of the  s id e  o f th e  
e q u i la te r a l  t r i a n g le  w hich means t h a t  P a  + Pb + Pc » 100$ and th u s  P 
re p re se n ts  in  a unique manner the  compound o r m ix tu re  co m p ris in g P a  $  A,
Fb$ B andj>c $  C, G en era lly  however th e  com position  of P i s  m easured along 
the  s id e s  of th e  t r i a n g le  namely .BB1, AA*,‘ CC*, where 
P a  3 BB' , P b s  CCf , Pc » AA*
2) I f  a l i n e  i s  drawn th ro u g h  any co rn e r (s a y  A) to  a p o in t on th e  
opposite  s id e  (say  X) th e n  th e  l in e  re p re s e n ts  d i f f e r in g  amounts of A
w hile  the  o th e r 2 components B and C w i l l  b e a r  a c o n s ta n t r a t i o  to  each  o th e r ,
3) A l i n e  p a r a l l e l  to  any s id e  re p re s e n ts  a c o n s ta n t amount o f th e
component re p re se n te d  by th e  co rn e r o p p o s ite  to  t h a t  s id e  w h i ls t  th e  amounts 
of the  o th e r  two comijonents v a ry , (Thus XZ in  th e  f ig u re  re p re s e n ts  a  j
c o n s ta n t amount of component A),
4) I f  R and S re p re se n t th e  com position  of two m ix tu res  o f th e  th re e  
components, th e n  any p o in t on th e  l i n e  jo in in g  R an d S , such as T ( s e e F i g l ,  ) 
w i l l  re p re se n t a m ix ture  of R and S in  th e  p ro p o r tio n s  TS and TR re s p e c t iv e ly .
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From (4) & number of im portan t p r in c ip le s  a rise*
a) When one m ix tu re  i s  added to  a n o th e r , th e n  th e  p o in t r e p re s e n tin g  
th e  p roduct w i l l  move in  a s t r a ig h t  l in e  tow ards th a t  m ix ture  w hich i s  
b e in g  added. I f  th e  m ix ture  ( i n  term s o f th e  components) i s  w a ter th en  
one may deduce what the  e f f e o t  of d i lu t io n  on a p a r t i c u la r  m ix tu re  w i l l  be ,
b) I f  th e  com position  of one phase i s  known and a ls o  th e  com position  of 
a m ixture p a r t i a l l y  o f t h i s  known phase and p a r t i a l l y  of an o th er unknown 
phase th e n  th e  com position  o f th e  l a t t e r  may be determ ined  by e x tra p o la t io n .
Use of t h i s  i s  made in  th e  s o - c a l le d  uw e t- re s id u e n method due to  
Schre inem akers ( 31) on w hich one can f in d  th e  com position  of the  s o l id  
phase in  e q u ilib r iu m  w ith  a g iv en  s a tu ra te d  l i q u id .  Thus i f  th e  l in e  LM 
re p re se n ts  a s e r ie s  of s a tu ra te d  s o lu t io n s  and N th e  s o l id  t h a t  is  in  
eq u ilib riu m  w ith  them* By d i r e c t  a n a ly s is  i t  i s  p o s s ib le  to  a s c e r ta in  
th e  com position  of two such s o lu t io n s  say  L and M, bu t to  o b ta in  th e  
com position  of N d i r e c t l y  may be ex trem ely  d i f f i c u l t  e s p e c ia l ly  i f  th e  
s o l id  phase co rresp o n d in g  to  N i s  hygroscopic  or cannot be washed f r e e  of 
mother l iq u o r  w ith o u t decom position* However i f  th e  samples of s o l id  a re  
tak en  s t i l l  m o is t w ith  m other l iq u o r  an a ly ses  w i l l  g ive  say  th e  p o in ts  
n and n-f* Then th e  in te r s e c t io n  o f Ln and i/In• produced w i l l  g iv e  th e  
com position  o f N. In  normal p r a c t ic e  i t  i s  u s u a l ly  n e c e ssa ry  to  have 
fo u r  or more such  ‘ t i e - l i n e s 1 in  o rd e r to  f i x  a c c u ra te ly  th e  com position  
of th e  s o l id  phase co rre sp o n d in g  to  N*
I t  i s  thus p o s s ib le  to  c o n s tr u c t  a com plete th re e  component phase diagram  
by an a ly ses  o f a s e r ie s  of s a tu r a te d  s o lu t io n s  in  c o n ta c t w ith  s o l id  
m a te r ia ls .
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O ccasio n a lly  th e  t i e - l i n e s  o b ta in ed  do no t meet a t  a p o in t h u t may he 
p a r a l l e l  o r even d iv e rg e . I f  th e  t i e - l i n e s  a re  p a r a l l e l  t h i s  may he 
in d ic a t iv e  o f th e  f a c t  t h a t  th e  system  i s  m e ta s ta h le  ( see Jameson and 
Salmon.. 32 ) o r a l t e r n a t iv e ly  th a t  th e  system  form s a s e r ie s  o f s o l id  
s o lu t io n s  e f f e c t iv e ly  behaving as  an ion-exchange m a te ria l#
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C) I on-exchange R osens#
The main requ irem en ts  of s o l id  ion-exchange m a te r ia ls  a re  t h a t  th ey  shou ld
1) po sses  an open s t r u c tu r e  w ith  po res  o r channels of such a s iz e  so 
as to  p erm it e n try  and e x i t  o f b o th  so lv e n t and the  s o lv a te d  ions*
2) be ch em ica lly  i n e r t  to  th e  so lv e n ts  to  be u sed  and to  o x id iz in g
and red u c in g  agents*
3 ) be th e rm a lly  s ta b le  -  p re f e ra b ly  so th a t  i f  n e ce ssa ry  th ey  may be 
oven d r ie d  a t  110°C*
• 4) com prise a s e m i- r ig id  netw ork w ith  a tta ch e d  or in c o rp o ra te d  io n ic  
groups of one charge type ( i . e .  e i th e r  p o s i t iv e  or n e g a tiv e )  and 
p re fe ra b ly  of one chem ical type  -SO^ , -COO', NR3* to  quote th re e  
examples* A ll th e  ions o f o p p o s ite  charge are  bound by e l e c t r o s t a t i o  
fo rc e s  only and c o n s t i tu te  th e  c o u n te r - io n s  w hich are capab le  of 
exchange in  a  r e v e r s ib le  manner*
5) he p h y s ic a l ly  s ta b le  -  th a t  i s ,  t h a t  under c o n d itio n s  o f sT re lling
or c o n tra c t io n  norm ally  met w ith  In  a changing io n ic  m edia th e  beads
do n o t undergo p h y s ic a l  d is in te g ra t io n *  '
6) be e f f e c t iv e  as an exchanger over a wide range o f p'H,
Such requ irem en ts  are  c lo s e ly  approached by th e  modern ion-exchange r e s in s  
based on a c ro s s  l in k e d  p o ly s ty re n e  m a trix . To th e  r e s in  beads a re  a tta c h e d  
by chem ical methods th e  v a rio u s  ty p es  of a c t iv e  groups as quoted  above in  
requ irem en ts  ( 4-)*
A ty p ic a l  sy n th e s is  of a s tro n g ly  a c id ic  c a t io n  ion-exchange r e s in  i s  shown 
in  F ig . 2A and o f a s t ro n g ly  b a s ic  anion-exchange r e s in  i s  shown i n  F ig . 2B »
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Behav io u r of th e  Resin*
B efore d is c u s s in g  the  a p p l ic a t io n  of ion-exchange r e s in s  to  th e  s tu d y  o f 
complex system s in  s o lu t io n  i t  i s  of im portance t o  reco g n ize  th e  type of 
behaviour t h a t  i s  to  be ex p ec ted  of r e s in s  when th ey  a re  p la c e d  in  so lu tio n *
The presence  o f p o la r  groups in  th e  r e s in  w i l l  ten d  to  make the  r e s in  sw e ll 
in  water*' Whereas th e  p resence  o f the  c ro ss  lin k a g e s  in  th e  r e s in  m a trix  
w i l l  tend  . to  oppose t h i s  e f f e c t .  Hence an incree.se  in  th e  number o f 
e f f e c t iv e  c ro s s  lin k a g e s  w i l l  tend  to  d ecrease  th e  amount of sw e llin g . At 
the same tim e a h ig h  degree  of c ro ss  l in k in g  w i l l  te n d  to  reduce th e  r a te  
of d if f u s io n  of sm all io n s  th ro u g h  the  r e s in  beads and w i l l  e n t i r e ly  or 
p a r t i a l l y  p re v e n t the  passage of la rg e r  io n s , A f u r th e r  e f f e c t  on the  r a te  
of d if fu s io n  in  the  r e s in  bead w i l l  be b rough t about by changing  th e  p a r t i c l e  
s iz e  and sm all p a r t i c l e  s iz e  w i l l  in c rease  th e  r a t e  of d i f f u s io n .
A s.has been s a id  there i s  g e n e ra lly  l i t t l e  or no in te r a c t io n  betw een th e  
sorbed s p e c ie s  and the  f ix e s  p o la r  groupings or th e  r e s in  m a tr ix ,
Prom th e se  rem arks i t  w i l l  be c le a r  th a t  in  a system  which may invo lve  
la rg e  in o rg a n ic  ions i t  i s  n e ce ssa ry  to  choose th e  r e s in ,  degree of c ro s s  
l in k in g  and p a r t i c l e  s iz e  w ith  c a re ,
The degree o f c ro s s - l in k in g  may be ex p ressed  in  two ways*
l )  as a fa o f th e  c ro s s  l in k in g  agen t added to  th e  r e a c t io n  m ix tu re , -  
In  the  case  o f a c ro s s  l in k e d  p o ly s ty re n e  r e s in  th e  norm al c r o s s - l in k in g  
agent used in  d iv in y lb en zen e  and th e  degree o f c ro s s  l in k in g  would be 
expressed  as J? DVB (d iv in y le b e n z e n e ) , Thus a r e s i n  hav ing  20% DVB would 
be very  h e a v ily  c ro s s  lin k e d  w h i ls t  one w ith  1% DVB would be very  l i g h t l y  
c ro ss  lin k e d . T h is  way o f s t a t i n g  th e  deg ree  o f c ro ss  l in k in g  i s  re a so n a b ly
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accura te  b u t i t  does n o t take  account of th e  f a c t  t h a t  th e re  may be an 
uneven d i s t r ib u t io n  of c ro s s  lin k a g e s  nor th e  f a c t  th a t  a d d i t io n a l  l in k s  
may be formed on subsequent tre a tm e n t -  in  p a r t i c u la r  on th e  in tro d u c tio n  
of th e  q u a rte n a ry  ammonium groups f o r  th e  p re p a ra t io n  o f a  s tro n g ly  b a s ic  
anion exchanger,
2) C onsequently  a  q u a n ti ty  e n t i t l e d  W ater R egain  or W eight sw e llin g  
has been d e fin e d  to  g ive more a c c u ra te ly  a com parison between d i f f e r e n t  
r e s in s .
I t  i s  d e fin e d  as fo llo w si
W eight wet r e s in  -  Y/eight d ry  r e s in
W eight S w ellin g  =»
Y/eight d ry  r e s in
determ ined under c a r e f u l ly  d e f in e d  c o n d itio n s . I t  i s  p u re ly  an e m p ir ic a l 
ex p ress io n  depending to  a c e r ta in  e x te n t  on th e  c o n d itio n s  l a id  down, 
n e v e r th e le s s  a s e t  of v a lu es  of w eight sw e llin g  of a number of r e s in s  
determ ined under th e  same c o n d itio n s  a f fo rd s  an accu ra te  and h e lp fu l  
com parison o f th e  degree o f th e  mean c ro ss  l in k in g  in  th e se  r e s in s .
In  the  course  o f th e  p re se n t s tu d ie s  th e  fo llo w in g  r e s in s  ha.ve been  used .
Ca t io n  Exchanger* P e rm u tit Zeokarb 225 w hich is  a c ro s s  
lin k ed  sulphonabed p o ly s ty re n e , A whole range o f r e s in s  o f d i f f e r e n t  
degree of c ro ss  l in k in g  was used v iz ,  ran g in g  from 3 /2 -  20 and th e
w eight sw e llin g  v a lu es  ra n g in g  between 22 and 0,A3«
Anion Exchanger, P e rm u tit B e a c id ite  IP  was used .
This i s  a a ro s s  lin k e d  p o ly s ty re n e  w ith  in c o rp o ra te d  q u a rte n a ry  ammonium 
groups, ^
E qu ilib rium  of Exchange,
One of the  e a r l i e s t  o b se rv a tio n s  concern ing  ion-exchange was t h a t  i t  was a
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re v e r s ib le  p ro ce ss  and one th a t  ta k e s  p lace  by eq u iv a len ts*  I f  th e  r e a c t io n  
between a c a t io n  exchange r e s in  in  th e  Hydrogen (H+) form  and a m e ta l M331* 
( ig n o r in g  c o -o rd in a te d  w ater m olecu les) i s  co n s id e re d  
An e q u ilib riu m  i s  e s ta b l is h e d  w hich may be w r i t t e n
Mm+ + mH+ r *. x IVF* + mH+ ----- - ( l )
where b a rre d  form ulae re p re s e n t  io n s  in  th e  r e s in  phase)
The fo llo w in g  fe a tu re s  have been  e s ta b lish e d *
a) The r e a c t io n  proceeds s to ic h io m e tr io a l ly  and hence , f o r  every  
gramme e q u iv a le n t o f io n  ta k e n  up by  th e  r e s in  a  gramme e q u iv a le n t o f  
H+ w i l l  pass  in to  th e  so lu tio n *
b) The re a c t io n  i s  r e v e r s ib le  and w hichever way th e  e q u ilib r iu m  i s  
approached t h i s  e q u ilib riu m  w ith  a  g iven  s o lu t io n  and a g iv en  q u a n ti ty  of 
r e s in  w i l l  always be th e  same. I t  i s  p o s s ib le  i f  th e  r e s in  i s  h e ld  i n  a 
g la s s  column to  ff o r c e f th e  r e a c t io n  re p re se n te d  in  e q u a tio n  ( l )  to  go to  
com pletion by th e  passage down th e  column of a la rg e  excess of fche m eta l 
io n .
c) P ro v id ed  th e  c ro s s  l in k in g  o f th e  r e s in  beads i s  s u f f i c i e n t ly  
open to  pe rm it the  e n try  of th e  ions under in v e s t ig a t io n  a l l  th e  exchange 
s i t e s  are a c c e s s ib le  to  th e se  io n s . Thus th e  t o t a l  exchange c a p a c ity  
(u s u a lly  ex p re ssed  as m i l l ie q u lv a le n ts  of m e ta l io n s  or H+ ions p e r gm
of dry  re s in )  i s  th e  same f o r  a l l  c a tio n s*  The c a p a c ity  of an an ion  
exchanger may be d e sc rib e d  in  a. s im ila r  manner*
d) One o f th e  most im p o rtan t p ro p e r t ie s  o f ion-exchange r e s in s  i s
th a t  they  show d i f f e r e n t  a f f i n i t i e s  f o r  d i f f e r e n t  io n s  see eg. K itch en er (33)
The e q u ilib r iu m  re p re se n te d  by equn ( l )  i s  independent of th e  an ions 
p re sen t in  s o lu t io n . However i f  one o r more of th e  an ions p re s e n t  in  th e
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same s o lu t io n  norm ally  forms complexes w/ith the  m e ta l Ivjm+ th e  s i tu a t io n  i s  
somewhat m od ified  and m e rits  s e p a ra te  d is c u s s io n .
The use o f io n -ex chan g e rs in  th e  in v e s t ig a t io n  of c omplex io ns*
In  any stu d y  of complex fo rm atio n  in  an in o rg an ic  system  i t  i s  n e c e ssa ry  to  I 
e s ta b lis h ?
1) That complex fo rm atio n  does occur.
2) The n a tu re  o f th e  complexes i . e .  w hether they  are n e tu r a l ,  
c a t io n ic ,  or an ionic*
3) The com position  of th e  com plexes,
1+) The number o f com plexes,
5) The charge on each  complex.
Ion Exchange te ch n iq u es  have been  used s u c c e s s fu l ly  fo r  a l l  th e se  and a 
la rg e  amount o f work has been c a r r ie d  ou t in  t h i s  f i e l d .  In  th e  system  
under d is c u s s io n  p re s e n t  work has u t i l i s e d  r e s u l t s  of ion-exchange s tu d ie s  
towards e lu c id a t io n  o f p o in ts  2 -  %
The fo llo w in g  ( i f f e r e n t  approaches have been used .
a) B atch  experim en ts  -  D eso rp tio n  of Or ( i l l )  sp ec ie s
b) B atch  experim en ts -  S o rp tio n  o f  Cr ( i l l )  sp e c ie s
c) Column s e p a ra t io n s ,
d) Io n  exchange chromatography*
The e s s e n t i a l s  of th e  b a to h  method*
The e s s e n t i a l  s te p s  in  th e  b a to h  method a re  as fo l lo w s :-  
A known volume o f s o lu t io n  of known com position  i s  shaken or s to o d  in  
c o n tac t w ith  a known w eigh t of a i r  d r ie d  r e s in  u n t i l  e q u ilib r iu m  i s  
a tta in ed *  The r e s i n  and s o lu t io n  a re  th e n  s e p a ra te d  u s u a l ly  by f i l t r a t i o n  
th rough a sm a ll d ry  column w ith  a s in te re d  d is c  se a le d  in  p o s i t io n  (s e e  Pig>2c)*
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The f i l t r a t e  may be r e ta in e d  by c o l le c t in g  in  a d r ie d  c o n ta in e r  fo r  
subsequent measurements and a n a ly s is  to  be made on i t .
The tra n s fe re n c e  of r e s in  to  th e  column i s  b e s t  com pleted u s in g  a ~et o f  
w ater and th e  r e s in  i s  v/ashed very  r a p id ly  w ith  w a te r under s u c tio n . In  
th i s  way any s o lu t io n  ad h erin g  to  th e  r e s in  i s  q u ic k ly  d is p la c e d  and
a) in te r a c t io n  between p a r t l y  d i lu te d  s o lu t io n  and th e  r e s in  i s  avoided^
b) the  w ashing o f f  o f any l i g h t l y  h e ld  complex i s  k e p t to  a minimum.
The column i s  f i l l e d  w ith  w a ter (w ith  an upward flow  to  d isp la c e  a i r  from  
below th e  s in te re d  d is c  and from betw een th e  r e s in  b e a d s ) , and th e n  washed 
thorough ly  w ith  a  downward dropw ise flow  of w ater to  remove any l a s t  
t ra c e s  of the  ad h erin g  so lu tio n *  F in a l ly  th e  sp e c ie s  so rbed  on th e  r e s in  
may be removed by e lu t in g  the  column w ith  a s u i ta b le  e lu t in g  ag en t. An 
a n a ly s is  o f th e  e lu a te  may be c a r r ie d  ou t i f  re q u ire d .
The fo llo w in g  advantages may be n o ted .
1) Sm aller q u a n t i t ie s  o f  exchanger and sm a lle r  volumes o f s o lu t io n  may be 
employed. The r a t i o  o f volume o f s o lu t io n  to  mass of r e s i n  has to  be 
arranged  so t h a t  th e  changes o o c u rrin g  in  th e  com position  of th e  s o lu t io n  
on exchange a re  small*
2) A ttainm ent of e q u ilib r iu m  may be h a s ten ed  by shak ing  th e  exchanger w ith  
the  s o lu t io n ,
3) The r e s u l t s  o f q u a n t i ta t iv e  experim ents are  o f te n  more e a s i ly  in te r p r e te d .
4) The e x te n t  o f exchange a f t e r  a g iven  tim e may be determ ined  i f  n e c e s sa ry .
There are two main ty p e s  of b a tc h  experim ents c a l le d , r e s p e c t iv e ly  a) b a tc h  
removal experim en ts, and b) b a tc h  up take  exp erim en ts . -  Y/here the  term s 
removal or up tak e  a re  a p p lie d  to  th e  io n  o r io n s  b e in g  s tu d ie d .
B atch Experim ents -  D eso rp tio n  of m e ta l ions#
The removal o f  a p o ly v a le n t m eta l M111* by an a c id  from  the  r e s in  may be
gri'iirnttrWafimiil . irWtnwimWT-f i11 ■Tium .rn 11 — -■ m n --------------------- ------ ---------------------------------------------------------------------------------------------------------
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express ed by th e  fo llo w in g  e q u ilib riu m .
0 F * ~  mH+ r  ^  M®+ + mEF" - ( 2 )
Normally an ions p re s e n t i n  s o lu t io n  have l i t t l e  o r no e f f e c t  on th i s  
eq u ilib riu m  u n le ss  th ey  a re  capable of form ing complex io n s  w ith  th e  m eta l 
c a t io n s . Such complex fo rm atio n  would be in d ic a te d  by  a d is tu rb a n c e  o f 
the  e q u ilib r iu m .
Complex fo rm atio n  betw een a m eta l c a t io n  and an anion  A may be re p re se n te d  
as fo llow s
M®* + nA2^  MAn 3  -  (3)
Thus, i f  complexing i s  o c c u rr in g  th e re  is  an e f f e c t iv e  d ecrease  in  th e  
c o n c e n tra tio n  of llP* in  s o lu t io n  and e q u il ib r iu m  (2) Yrould be d isp la c e d  and
a g re a te r  amount o f M111* ?/ould be removed from th e  r e s in .
Batch experim ents in v o lv in g  th e  m eta l form o f th e  r e s i n  and v a rio u s  a c id s  
over a  pH range can f u r n is h  one w ith  a sem iquant i t  a t  ive m easure of th e  
com plexing power o f th a t  a c id  an ion  (se e  Genge and Salmon 34 )«
The l im i t s  o f  pH u s u a l ly  chosen l i e  betw een 0 .03  -  1 .5  Tor t e r v a le n t  m e ta ls
and w ith in  th e se  l im i t s  i t  i s  p o s s ib le  to  make th e  fo llo w in g  assum ptions,
1) At a g iv en  pH, th e  hydrogen io n  c o n c e n tra tio n  i s  th e  same fo r  a l l  
ac ids*
2) That a  d ib a s io  or t r i b a s i c  ac id  i s  io n iz e d  p r in c ip a l ly  to  y ie ld  
only th e  f i r s t  hydrogen i . e .  phosphoric  a c id  y ie ld s  p r im a r i ly  
H^O* and HpPO^"*
3 )  T h e re fo re  th e  an io n  c o n c e n tra tio n  must a ls o  be th e  same,
The a p p lic a t io n s  o f t h i s  method a r e s -
A) Any d if f e r e n c e s  in  th e  amount o f rf11* removed from  a r e s i n  i n  th e
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m eta l form  by d i f f e r e n t  a c id s  a t  th e  same pH w i l l  be a  rough  m easure 
of th e  com plexing power of th o se  a c id s ,
B ) l f  one u ses  d i f f e r e n t  m e ta l forms o f th e  r e s in  w ith  one a c id  i t  i s  
p o s s ib le  to  g e t e i th e r
I )  an  id e a  of th e  r e l a t i v e  a f f i n i t y  of th e  m eta l io n s  fo r  th e  r e s in  
o r
I I )  an id e a  o f th e  o rd e r o f complexing power o f  th e  g iven  a c id  an ion  
w ith  the  m eta l ions*
c) I t  i s  a lso  p o s s ib le  to  compare the  r e l a t i v e  a f f i n i t y  of a  number of 
complex ions fo r  the r e s in  in  a  s im ila r  way.
P re se n t work has been  c a r r ie d  out and in fo rm a tio n  g a in ed  on p o in ts  A and 
C above*
B atch E xperim ents* -  S o rp tio n  of m e ta l 'io n e #
The e q u ilib r iu m  betw een a  c a t io n  exchanger in  th e  hydrogen form  and a 
s o lu tio n  c o n ta in in g  h y d ra ted  Mm+ ions w i l l  be re p re se n te d  by equ11 ( l )  
and i s  independent o f  th e  io n s  p re s e n t  u n le s s  complexes a re  formed*
The fo rm atio n  of complexes w ith  a l ig a n d  group L w i l l  le ad  to  complexes 
o f the  type ML, ML2 ML  ^ **••• MLn, I f  L i s  n e u t r a l  th e n  th e  complexes 
formed w i l l  a l l  be c a tio n ic *  But i f  L i s  a n io n ic  th e  complexes in  a d d i t io n  
to  being  c a t io n ic  may be n e u t r a l  o r an io n ic  as w e l l .  Any c a t io n ic  
complexes p re s e n t  in  s o lu t io n  coming in to  c o n ta c t  w ith  a  c a t io n  exchanger 
in  th e  H+ form  may be so rbed  by th e  exchanger and th e  e q u ilib r iu m  w i l l  be 
o f the  type  re p re s e n te d  by th e  eq u a tio n :
(ML)** + xH+ (ML)X+ + xH+ ------ ( 4 )
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in fo rm atio n  from  b a tch  experim ents of t h i s  ty p e  w i l l  e s ta b lis h *
1) That complex fo rm atio n  i s  o ccu rin g  in  th e  s o lu t io n  i f  L i s  
d e te c te d  in  the  e lu a te  from  a r e s in  sample o r ig in a l ly  in  th e  H+ 
form a f t e r  th a t  sample h as  been s e p a ra te d  from  th e  s o lu t io n ,  and 
th o ro u g h ly  washed and e lu te d  w ith  acid*
2) I t  i s  p o s s ib le ,  i f  up take  may be re g a rd ed  as com plete, (and th e  
io n s  in  q u e s tio n  -  'provided th a t  th e  pH i s  n o t to o  low -  w i l l  
have a r e l a t i v e l y  h ig h  a f f i n i t y  fo r  th e  r e s in )  to  make c e r ta in  
c a lc u la t io n s  on th e  assum ption th a t  th e  c a p a c ity  o f th e  r e s in  may 
be wholy accounted  fo r  in  term s o f f r e e  m e ta l ions ( i f  any) and 
th e  complex sp ec ie s  in v o lv ed . These c a lc u la t io n s  may be a p p lie d  
and th e  most l i k e ly  complexes e x i s t in g  may be e lu c id a te d *
D iscussion  of the  c a lc u la t io n s  t h a t  may be made i s  d e fe r re d  to  the  
re le v a n t  s e c t io n  b u t a rev iew  o f t h i s  method o f approach i s  g iven  by Salmon
(3 5 ).
The E s s e n t ia ls  o f th e  Column Method*
In  column experim ents th e  e s s e n t i a l s  a r e : -
A g la s s  column (u su a l s iz e  lO in  x J in )  w ith  a  s in te re d  d is c  sea le d  in  
p o s i t io n  (se e  F ig  2) or a l t e r n a t iv e ly  p lugged w ith  g la s s  wool i s  loaded 
w ith  a  s lu r r y  of re s in *  S a t i s f a c to r y  pack ing  o f  th e  column i s  ach ieved  
by a llow ing  th e  r e s in  to  s e t t l e  under g ra v i ty  a f t e r  back-w ashing w ith  a  
stream  o f w a ter o f s u f f i c i e n t  v e lo c i ty  to  l i f t  th e  r e s in  b o d ily  to  th e  
top  o f the  column* I f  t h i s  p ro c e ss  of back-w ashing i s  c a r r ie d  ou t tw ice  
th e  column w i l l  be ready f o r  u sag e . The column i s  th e n  lo ad ed  by passage 
of the  a p p ro p r ia te  s o lu t io n . In  g e n e ra l only  a  very  sm all amount o f 
th e  t o t a l  r e s i n  c a p a c ity  o f th e  column i s  u t i l i s e d  (5 -  15/0*
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flnTumn S epara tions*
One of th e  \m ys i n  w hich column work has been a p p lie d  to  th e  p re s e n t 
stu d y  has been th e  s e p a ra t io n  of complex io n s  in to  th e  th re e  d i f f e r e n t  
c la s s e s  namely c a t io n ic ,  an io n ic  and i f  any, n e u t r a l  complexes p re s e n t 
in  a p a r t i c u la r  so lu tio n *
Two colums were s e t  up i n  s e r i e s  -  th e  f i r s t  c o n ta in ed  a  c a t io n  exchanger 
in  the  H+ form  and th e  second an -anion exchanger. The s o lu t io n  of 
dhromium ( i l l )  -  phosphoric  a c id  was added dropwise to  th e  to p  o f th e  f i r s t  
column and su b seq u en tly  washed th ro u g h  th e  two columns w ith  w ater* The 
c a t io n ic  complexes w ere sorbed  a t  th e  to p  o f th e  f i r s t  column and the  
an io n ic  and n e u t r a l  were u n a ffe c te d  and passed  th rough  to  th e  second 
column where th e  an io n ic  complexes were so rb ed  as a band. The n e u t r a l  
com plexes, i f  any, p a ss in g  th ro u g h  in to  th e  f i n a l  e f f lu e n t .  A fte r  
thorough w ashing each column was e lu te d  s e p a ra te ly  and a n a ly s is  gave fc 
c a t io n ic  f- an ion io  and % n e u t r a l  complexes p re s e n t  in  th e  p a r t i c u la r  
s o lu t io n  b e in g  in v e s tig a te d *
The second way in  which column experim ents were used  was in  th e  s e p a ra tio n  
of the v a r io u s  c a t io n ic  complexes p re s e n t in  so lu tio n *  The a c tu a l  
design  of th e  column i s  d is c u s se d  in  th e  ex p erim en ta l s e c t io n  la te r*
In  the  course  o f th e  p re s e n t work two methods o f t r y in g  to  ach ieve  a c le a r  
s e p a ra tio n  o f the  complexes was t r i e d ,  
a) S tep -w ise  E lu tio n *
A fte r  lo a d in g  th e  column ( to  about l / l O  c a p a c ity )  and w ashing f r e e  
of an io n ic  and n e u tr a l  sp e c ie s  a very  d i l u t e  e lu a n t  i s  passed  down 
th e  column. The m ost l i g h t l y  h e ld  complex i s  th e n  e lu ted *
F ig  3 a  b a s ic  g r a d ie n t* icut-io n  a p p a r a t u s
RESERVOIR------
HACNCTlC STiRRCR
CLASS
WOOL
F ig  3 6  a r r a n c i h l n t  f o r  s t e p w i s e  e l u n o w
RESERVOIR
 To COULEjCTI NC
Flask
R£SlM  f t t D
„ * Cl a s s  w o o l
 To COLLECTING FLAS*
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Sub sequent complexes a re  h e ld  more f  irm ly  and w ith  a  change to  a 
more co n ce n tra te d  e lu a n t  th e se  are e lu te d .
There i s  one main d isad v an tag e  to  t h i s  m ethod, namely, t h a t  i f  a  change 
in  e lu t in g  agen t c o n c e n tra tio n  i s  ma.de b e fo re  th e  l i g h t e s t  h e ld  complex on 
th e  column a t  any one tim e i s  in co m p le te ly  desorbed i t  i s  p o s s ib le  to  g e t 
th e  appearance of a  sp u rio u s  band w hich one assumes to  be a  f u r th e r  complex; 
on th i s  b a s is  i t  i s  hard  to  a s c e r ta in  th e  a c tu a l  number o f complexes 
a c tu a l ly  p re s e n t  in  s o lu t io n .  T h is  d isad v an tag e  was overcome to  a  c e r t a in  
e x te n t by th e  second method th a t  was app lied*  
h) G rad ien t E lu tio n .
The e s s e n t i a l  of th e  method i s  to  c o n tin u o u s ly  in c re a se  th e  co n cen tra ­
t i o n  of th e  e lu a n t .  T h is  i s  ach ieved  by an a p p a ra tu s  shorn  in  F ig .34*
I t  i s  p o s s ib le  to  c a lc u la te  th e  ex ac t c o n c e n tra tio n  o f  th e  e lu a n t  e n te r in g  
th e  column a t  any one tim e and by s u i ta b ly  v a ry in g  the  s iz e  of th e  m ixing 
chamber and th e  c o n c e n tra tio n  o f th e  s o lu t io n  in  th e  m ixing chamber 
i n i t i a l l y  and in  th e  r e s e v o ir  suppose
r  a  r a te  of flow  o f e lu a n t th ro u g h  column* 
t  » tim e of flow .
Vqs volume o f th e  m ixing chamber*
The volume o f e lu a n t V d e liv e re d  a f t e r  tim e t  may be ex p ressed  as fo llo w s
V s* r t
I f  c » n o rm a lity  (o r  c o n c e n tra tio n )  o f e lu a n t a t  tim e t
cp» n o rm a lity  (o r  c o n c e n tra tio n )  o f s o lu t io n  in  th e  r e s e r v o i r  
cQs i n i t i a l  c o n c e n tra t io n  of th e  m ixing chamber*
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R ate of change o f c o n c e n tra tio n  dc - r ( c - c p )
of s o lu t io n  le a v in g  m ixing d t  VQ
chamber
■(i)
• dc - r
• * *■'** =» -—  d t —— (2)
c - c i  V0
- r t
I n te g ra t in g  ln (c -c ^ )  =? —  + K — (3)
V0
a t  t  aO c a c Q « » K » ln ( c 0- c i )
. • s u b s t i t u t in g  i n  e q u a tio n  5 we g e t
c —on r t
In  - 2— ± 3 -( 4 )
°-°l Vo
E xpressed  in  term s of th e  volume p assed  th ro u g h  th e  columns 
eq u a tio n  (4) becomes
°o “c lV0 In  ————— y" mmm—( 5)
o - c i
Or iry —
e V t 0 ,  S J L S .   ( 5a)
c -  cp
T his  may be rew ritten  in  term s of c
° l ( s  ^ Vo -  1 ) + 00 . . .
O * ----------- 7 / ~ --------------- ------ (6 )
6
Under th e  ex p erim en ta l c o n d itio n s  u sed  in  th e  p re s e n t  s tu d y  th e  m ixing 
chamber always c o n ta in ed  w ater i n i t i a l l y  i* e , . o0 » 0
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Thus e q u a tio n  (6) 'becomes
° l ( e  °  “  1)
C s
e
The d e r iv a t io n  of t h i s  eq u a tio n  was based  on id eas  developed in  c o n ju n c tio n  
w ith  Dr* Z. E rn s t (36)* Employing t h i s  tech n iq u e  a c l e a r e r  s e p a ra t io n  of 
th e  complexes may be ach ieved .
D S p ec tro ph o tom etrio  S tudies*
The p r in c ip le  o f sp ec tropho tom etry  i s  to  allow  a beam of l i g h t  to  pass  
th rough  th e  l iq u id  or s o lu t io n  under in v e s t ig a t io n  ( t h i s  i s  c o n ta in ed  in  
a s i l i c a c e l l  w ith  p a r a l l e l  fa c e s )  th e  em ergent beam e n te r s  a  q u a r t?  
prism  or g r a t in g  sp ec tro g rap h ; th e n , by a s u i ta b le  d e v ice , u s u a lly  a 
photo s e n s i t iv e  c e l l  th e  e x te n t  of th e  l i g h t  transm ission a t  each  wave le n g th  
or frequency  may be de term ined .
A p lo t  o f th e  l i g h t  tra n s m itte d  a g a in s t  th e  w avelength  g iv es  a curve 
c h a r a c te r i s t i c  o f th e  s o lu t io n  or substance* In  th e  v i s ib le  re g io n  th e  
a b so rp tio n  spectrum  i s  r e l a t e d  to  th e  co lo u r o f th e  substance, or s o lu t io n  
and t h i s  a r i s e s  d i r e c t ly  from  -the energy  changes a s s o c ia te d  w ith  
e le c tro n ic  t r a n s i t io n s *  A lso th e  in te r a c t io n  between th e  s o lu te  and 
so lv en t w i l l  e x e r t  a m odify ing  e f f e c t  on th e  spectrum .
The in te r a c t io n  betw een hexa aqua chromium ( i l l )  and phosphate to  form 
phosphate complexes e x e r ts  a  c o n s id e ra b le  m odify ing  e f f e c t  on th e  spectrum
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bo th  i n  the  v i s ib le  and th e  U.V. re g io n  of th e  spectrum* Thus i t  
proved p o s s ib le  to  fo llo w  th e  changes w hich occur on a g ih g ^ a  s o l u t i o n . 
of chromium ( i l l )  phosphate in  p h o rphoric  a c id , There i s  b o th  a  s h i f t
From t h i s  i t  has p roved  p o s s ib le  to  de term ine  when a s o lu t io n  i s  f u l l y  
aged*
I t  was hoped to  app ly  th e  method o f Jo b  (37) as o u tlin e d  by Vosburgh 
and Cooper (38) in  th e  e lu c id a t io n  o f th e  complexes p re s e n t  1oa% as  i s  
w e ll known, t h i s  method o f con tinuous v a r ia t io n s  i s  n o t e a s i ly  a p p lic a b le  
to  th e  s tu d y  o f a  system  where a  number o f complexes occu rf and as i t  was 
shown by th e  ion-exchange column experim ents t h a t  th e re  were a  number o f 
complexes i t  d id  n o t prove p o s s ib le  to  c a r ry  t h i s  o u t.
and an in c re a se  in  th e  h e ig h t
-2 9 -
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PART 2;
BASIC EXPERIMENTAL PROCEDURES
- 31-
SECTION A 
PREPARATION OF THE STARTING- MATERIALS
In  the  phase diagram  s tu d ie s  and in  a l l  th e  s tu d ie s  on the  s o lu t io n s  
of th e  system  chromium ( i l l )  -  phosphoric  a c id , th e  p u rp le  t e r t i a r y  s a l t  
was used  as a  s t a r t i n g  po in t*  T his was due to  th e  f a c t  th a t  i t  co u ld  
be produced as a  n ic e ly  c r y s t a l l i n e  s o l id  in  a  h ig h  s t a t e  o f p u rity *
The method o f p re p a ra t io n  was s im ila r  to  t h a t  of Sm ith, N ess, and 
Edwards ( l )  and to  t h a t  o f Jameson and Salmon (2 ) ,  namely :
120 gm,(0 ,2 4  mole) o f AnalaR chromium ( i l l )  po tassium  su lp h a te  was 
d is so lv e d  w ith  s t i r r i n g  in  1500 ml. of d i s t i l l e d  w a te r . The s o lu t io n  
was th en  f i l t e r e d  to  remove any u n d isso lv e d  r e s id u e ,  A s o lu t io n  o f 30 g®* 
(0-.21 mole) of AnalaR disodium  hydrogen phosphate (anhydrous) in  1000 m l. 
of d i s t i l l e d  w a te r was th e n  added dropw ise (w ith  c o n tin u a l and thorough 
m echanical s t i r r i n g ) .  Im m ediately fo llo v fin g  t h i s  a d d i t io n  th e  m ix ture  
was b u ffe re d  by th e  drop?ri.se a d d it io n  o f  a  s o lu t io n  o f  30 gm, AnalaR 
ammonium a c e ta te  i n  500 m l. o f d i s t i l l e d  w a te r . The s t i r r i n g  was con­
tin u e d  f o r  a  f u r th e r  p e r io d  of two hours to  ensure th e  fo rm atio n  o f  a  
n ic e ly  c r y s t a l l i n e  p r e c i p i t a t e .  The p r e c ip i t a t e  was washed s e v e ra l  tim es 
by d e c a n ta tio n  and su b seq u en tly  t r a n s f e r r e d  to  a  Buchner fu n n e l and washed 
w ith  f u r th e r  b a tch es  of d i s t i l l e d  w a te r u n t i l  the  damp p r e c ip i t a t e  gave no 
sodium flam e , A damp y i e ld  o f  about 50 gms. was o b ta in ed  (which im p lie s  
alm ost a  100$ y i e l d ) .  I t  was found p r e fe ra b le  to  c a r r y  o u t th e  r e a c t io n  
a t  a tem pera tu re  belov; 15°C. Some ty p ic a l  an a ly se s  o f th e  compound
-3 2 -
prepared  by th i s  method a re  g iv en  i n  Table 1 on page 42 .
P rep a ra tio n  o f s o lu t io n s  and m ix tu res
( i )  M ixtures f o r  Phase Diagram S tu d ie s
The method used  f o r  p re p a rin g  th e  i n i t i a l  m ix tu res f o r  th e  phase
diagram s tu d ie s  was to  add th e  s o l id  [^CrjH gO )^ PO^ to  s o lu t io n s  c o n ta in in g
Ht P0. and Ho0 in  v a r io u s  p ro p o r t io n s . 
j  k- <-
( i i )  S o lu tio n s  f o r  Ion-Exchange s tu d ie s  and sp ec tro p h o to m etr ie  s tu d ie s .
For s o lu t io n s  th a t  were going to  be used  e i t h e r  fo r  ion-exchange o r
f o r  sp ec tro p h o to m etric  work th e  s t a r t i n g  c o n s t i tu t io n  of th e  s o lu t io n s  was 
known in  term s o f Cr^O^, P20^ H 20; e i t h e r ,  s in c e  p o in ts  on th e  s o l u b i l i t y  
iso therm  had been s e le c te d  as g iv in g  th e  c o n c e n tra tio n  o r , by choosing  th e  
a p p ro p ria te  q u a n t i t i e s  f o r  th e  u n s a tu ra te d  s o lu t io n s  which w ere to  be 
s tu d ie d . By a  sim ple c a lc u la t io n  th e  c o n s t i tu t io n  o f th e se  s o lu t io n s  i n  
term s o f PO^, H^PO^, 1^0 co u ld  be determ ined  and the  a p p ro p r ia te
so lu tio n s  made up by ta k in g  th e  r i g h t  w e ig h ts  o f  th e se  compounds.
Aging o f  S o lu tio n s
In  the case  o f s o lu tio n s  aged a t  25°, 40° and 70° th e  s o lu t io n s  were 
p laced  in  c le a n  s to p p ered  b o t t l e s  o r  f l a s k s  and c lo se d  w ith  c lea n e d  p o ly ­
thene s to p p e rs  o r ru b b e r bungs. The b o t t l e s  o r  f l a s k s  were c le a n e d  w ith
chromic a c id  -  su lp h u r ic  a c id  m ix tu re  and th o ro u g h ly  washed w ith  d i s t i l l e d
w ater and d r ie d  b e fo re  u se . The ru b b e r bungs were b o ile d  in  a  sodium 
carbonate m ix tu re , washed w ith  d i s t i l l e d  w a te r , b o i le d  i n  d i s t i l l e d  w a ter 
and allow ed to  d ry  b e fo re  u se .
( i )  Aging a t  25°C.
The b o t t l e s  were sunk by means o f  an a tta c h e d  heavy w eight i n  a
co n v en tio n al w a te r b a th  c o n tr o l le d  a t  25 .0  + 0.01°C . by  means o f 
a to luene-m ercury  re g u la to r  and a ‘Sunvic* r e la y .  The whole be ing  
e f f i c i e n t ly  s t i r r e d  and h e a te d  by means o f  a  4-0 w a tt e l e c t r i c  l i g h t  b u lb .
( i i )  Aging a t  4-0° and 70°C.
The b o t t l e s  o r f l a s k s  c o n ta in in g  th e  s o lu t io n  w ere  p la ce d  in  an
oven, th e  tem pera tu ro  o f which was c o n t r o l le d  by means o f a  b im e ta l l io
s t r i p  c o n ta c t and a ’S u n v ic1 r e la y .  The v a r ia t io n  in  a i r  tem p era tu re  was
around 4-0° + 1°C. and 70° + 1 .5°C . T es ts  on th e  v a r ia t io n  o f th e  tem pera­
tu re  o f th e  s o lu t io n s  showed th a t  th e y  m a in ta in ed  th e  tem p e ra tu re  o f the 
oven to  w ith in  + 0,02°C .
( i i i )  Aging a t  around 100°C.
The s o lu t io n s  were p la ce d  in  a  b o lth e a d  f l a s k  f i t t e d  w ith  a 
'q u i c k f i t '  double su rfa ce  condenser and th e  tem pera tu re  was t h a t  o f th e  
re f lu x in g  s o lu t io n .  The a c tu a l  b o i l in g  p o in ts  o f th e  s o lu t io n s  were 
w ith in  th e  range 101° + 0 ,5°C .
T ests  w hether ag ing  cou ld  be c o n s id e re d  com plete
( i ) Ion-Exchange.
S o lu tio n s  aged a t  25°, 40° and 70°C. were checked in  t h i s  way.
At s u i ta b le  p e r io d s  an a l iq u o t  o f  th e  aging s o lu t io n  was r e ­
moved and t r a n s f e r r e d  to  a 150 m l. c le a n  and d ry  c o n io a l f l a s k  in to  which 
had been in tro d u c e d  •§• gm, c a t io n  exchanger o r 1 gm. an ion  exchanger. The 
so lu tio n  was a llow ed  to  s ta n d  in  c o n ta c t  w ith  th e  r e s in  f o r  a  f ix e d  tim e ; 
o ccas io n a l s w ir lin g  o f  th e  f l a s k  was c a r r i e d  ou t to  en su re  a thorough 
mixing o f th e  c o n te n ts .  The r e s in  was then t r a n s f e r r e d  to  a  sm all column
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as d e sc r ib e d  in  P a r t  I ,  S e c tio n  C, page 20. The abso rbed  sp e c ie s  was 
e lu te d  w ith  2 o r 4  N n i t r i c  a c id  u s in g  the  ’s p u r ts  te c h n iq u e . (T hat i s  to  
say th a t  th e  r e s in  i n  th e  column i s  a llow ed  to  s ta n d  in  c o n ta c t w ith  
su ccess iv e  sm all p o r t io n s  o f  the e lu t in g  ag en t. Each p o r t io n  i s  a llow ed  
to  rem ain in  c o n ta c t Yd.th th e  r e s in  f o r  some c o n s id e ra b le  tim e ( i t  was 
found b e s t  i f  a t  l e a s t  one p o r t io n  rem ained  in  c o n ta c t w ith  th e  r e s in  over­
n ig h t ) ) .  The advan tages o f t h i s  method o f e lu t in g  th e  r e s in  a re  :
(a )  That a number o f  the  complexes en co u n te red  and
have a very  h ig h  a f f i n i t y  f o r  th e  r e s in  and co n seq u en tly  i f  th e  c o n v en tio n a l 
method o f  co n tin u o u s  e lu t io n  • i s  employed, th e  volume of e lu t in g  agen t 
needed to  ensure  com plete rem oval of the. so rbed  sp e c ie s  would be l a r g e .
(b ) F u r th e r , t h a t  i t  avoids th e  p resence  o f a la r g e  excess of 
n i t r i c  a c id  which would o th e rw ise  i n t e r f e r e  w ith  th e  subsequen t d e te rm in a tio n  
o f chromium, 25 m l. o r  50 m l. b e in g  s u f f i c i e n t  in  every  case  to  ensure 
complete rem oval.
An a n a ly s is  o f  th e  e lu te d  s o lu t io n  f o r  chromium o r  phosphate was 
c a r r ie d  o u t and a ta b le  o f r e s u l t s  drawn up . A p lo t  o f th e  up take  o f 
chromium (o r  phosphate) on e x a c t ly  s im ila r  p o r t io n s  o f r e s in  a g a in s t  tim e 
o f ag ing  shows a smooth curve r e la t io n s h ip  re a ch in g  a  c o n s ta n t value 
(maximum o r minimum) a f t e r  a c e r t a in  tim e . The re a ch in g  o f t h i s  c o n s ta n t 
value was tak en  as th e  c r i t e r i a  f o r  c o n s id e r in g  when a s o lu t io n  co u ld  be 
co n sid e red  f u l l y  aged. T ab les o f th e  r e s u l t s  o b ta in ed  a re  on page 43*
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The 7 2?0 P20^ s o lu t io n  was chosen s in ce  from Jameson and Salmon*s (2) 
work a t  25°C i t  appeared  t h a t  a t  t h i s  tem p era tu re  i t  took  the  lo n g e s t to  
age o f any o f  th e  s a tu ra te d  s o lu t io n s  s e le c te d  from along th e  s o l u b i l i t y  
iso th erm ,
( i i )  S pec tro p h o to m etric ,
S o lu tio n s  aged a t  70° were checked in  t h i s  way. In  th e  f i r s t  
in s ta n ce  m easurements were c a r r ie d  ou t on two s o lu tio n s  -  one th a t  was 
f r e s h ly  p re p a red  and one th a t  a lth o u g h  o f e x a c tly  s im ila r  com position  was 
f u l l y  aged (a s  determ ined  th e  ion-exchange method o u tl in e d  above). The 
method used  was to  take a s u i ta b le  a l iq u o t  o f th e  unaged s o lu t io n ,  t r a n s f e r  
to  a g rad u a ted  f l a s k  and d i lu te  w ith  w a te r , A sample from  t h i s  f l a s k  was 
in tro d u ced  in to  a  1 cm, s i l i c a  c e l l ,  which was p laced  in  a Unicam SP 500.
A re fe re n c e  c e l l  c o n ta in in g  w ater v/as a lso  p la c e d  in  th e  in s tru m e n t. (See 
P a r t  1 , S e c tio n  C f o r  a f u l l e r  d e s c r ip t io n  o f th e  use of th e  sp ec tro p h o to ­
m ete r). The o p t ic a l  d e n s ity  f o r  th e  s o lu t io n  was th e n  m easured f o r  a
o
s e r ie s  o f d i f f e r e n t  w avelengths in  th e  range 2,000 -  10,000A, A s im ila r  
a liq u o t o f  th e  same s o lu t io n  f u l l y  aged was t r e a te d  in  th e  same manner..
For r e s u l t s  see  Table 3 on page 44  and F ig ,4*
Secondly a s e r ie s  of m easurements ¥/as made on an aging s o lu t io n ,  
s u i ta b le  a l iq u o ts  b e in g  w ithdrawn a t  45 minute in te r v a l s  and a f t e r  the  
a p p ro p ria te  d i l u t io n  a s im i la r  s e t  o f measurements was made on each d ilu ted ?  
p a r t ly  aged s o lu t io n  a s  soon as p o s s ib le .  For r e s u l t s  see Table 4  on 
page 46,
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F in a l ly ,  to  check w hether th e  in fe re n c e s  which cou ld  be drawn 
from th e  two experim ents c a r r ie d  o u t were v a l id ,  th re e  more experim en ts 
were c a r r ie d  o u t,
(a )  Measurements made on an u n d ilu te d  s o lu tio n  o f  the  same 
o r ig in a l  com position  -  Table 5«
(b ) Measurements made on a s o lu t io n  of th e  same o r ig in a l  s o lu tio n  
b u t d i lu te d  more b e fo re  the  measurements were made -  T able 6,
(c )  Measurements made on a s o lu t io n  o f d i f f e r e n t  com position  -  
Table 7 .
See pages 47 -  2$ f o r  Tables 5 , 6, and 7 r e s p e c t iv e ly .
From a c o n s id e ra t io n  o f the r e s u l t s  o f the  above experim en ts, i t
o
w ill  be seen th a t  th e  non-aged  s o lu t io n  has a b so rp tio n  peaks a t  2600A,
o o o
4100A, and 5700A, w h ils t  i n  a  f u l l y  aged s o lu t io n  th e  peak a t  2b00A has
d isap p ea red  and th e  two l a t t e r  peaks have s h i f te d  tow ards th e  l .R .  to  g ive
o o
peaks a t  4350A and 6200A re s p e c t iv e ly .
Thus a s u i ta b le  c r i t e r i a  f o r  judg ing  w hether a s o lu tio n  had com-
o
p le te ly  aged would be to  measure th e  o p t ic a l  d e n s i ty  a t ,  say, 4350A and 
o
6200A and when D was a maximum, th en  i t  cou ld  be c o n s id e red  th a t  the  
s o lu tio n  was f u l l y  aged,
A s im ila r  tre a tm e n t would be p o s s ib le  f o r  s o lu t io n s  aged a t  o th e r  
tem p era tu res .
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SECTION B 
ANALYSIS OF SOLUTIONS AND SOLIDS
The methods o u tl in e d  by Jameson and Salmon (2) f o r  th e  a n a ly s is  o f
chromium and phosphate were adopted  -  ?ri.th a few m o d if ic a tio n s .
Since most o f th e  work was concerned w ith  s o lu tio n s  in  w hich some
or most of th e  phosphate was a t ta c h e d  as a  l ig a n d  group to  Cr ( i l l ) ,  i t  
was n ecessa ry  to  ensure  th e  breakdown o f th e  complex io n s  p r io r  to  a n a ly s is .  
Hence th e  method o f t i t r a t i o n  o f phosphate  by means o f a s o lu t io n  o f 
BiOClO^ employing th io u re a  as in d ic a to r ,  see Salmon and T e rrey ,an d  
Genge and Salmon ( 3 ( i )  and ( i i ) ) ,  a f t e r  th e  passage o f the s o lu t io n  th rough  
a c a t io n  exchanger to  femove |  C ^ H ^ O ^ j io n s  was n o t used  even in  th o se  
cases  where th e  phosphate was n o t com plexed. A s im i la r  s tan d a rd  approach 
was adopted  f o r  a l l  d e te rm in a tio n s  o f phosphate .
The fo llo w in g  p ro ced u res  were used  :
Chromium
The d e te rm in a tio n  o f chromium was ach ieved  by th e  o x id a tio n  of 
th e  Cr ( H i )  to  chrornate in  a lk a l in e  s o lu t io n ,  fo llo w ed  by
a c id i f i c a t io n  and the  a d d i t io n  o f a known amount o f s ta n d a rd  fe r ro u s  
ammonium su lp h a te  s u f f i c i e n t  to  be p re s e n t  in  e x ce ss ; fo llo w ed  by th e  
back t i t r a t i o n  o f  th e  ex cess  w ith  s ta n d a rd  po tassium  dichrom ate so lu tio n *  
D e ta iled  method.
A s u i ta b le  sample o f  th e  Cr ( i l l )  s o lu t io n  was t r e a te d  w ith  1 ml.
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o r, p re fe ra b ly ,  l e s s  of AnalaR *100 volume* and made a lk a l in e  by th e
a d d itio n  o f 40/£ c a u s t ic  soda s o lu t io n .  The excess to  t h a t  re q u ire d
to  o x id ise  Cr ( i l l )  -  Cr (V i) was d e s tro y ed  by b o i l in g  th e  s o lu t io n  f o r  
some tim e on an e l e c t r i c  h o t p la te  o r  by h e a tin g  on a w a te r b a th  f o r
se v e ra l h o u rs , (As i t  i s  im p e ra tiv e  to  remove every  t r a c e  o f excess
i t  was found d e s ira b le  :
(a )  To use a s  l i t t l e  as  p o s s ib le  over t h a t  re q u ire d  to  b r in g
about th e  o x id a tio n ,
(b) To keep th e  volume o f th e  s o lu t io n  about 100 ml,
(c )  To co v er th e  f la s k  w ith  a w atch g la s s  as in  t h i s  way th e
breakdown o f th e  H^O^ was seen  to  be f a c i l i t a t e d ) .
A f te r  rem oving th e  s o lu t io n  from th e  source o f h e a t, th e  h o t 
s o lu t io n  was a c id i f i e d  w ith  a  su lp h u ric -p h o sp h o ric  a c id  m ix ture  (25 m is, 
of a s o lu t io n  made up by m ixing phosphoric  a c id ,  su lp h u ric  a c id , and w a ter 
in  the p ro p o r tio n s  o f 1 : 1 : 8 , )  The s o lu t io n  was a llow ed to  c o o l. A 
known volume o f  a s ta n d a rd  fe r ro u s  ammonium su lp h a te  s o lu t io n  (app rox , N/20 
made up in  2 N H^SO^) was added. The amount added be in g  in  excess of th a t  
re q u ire d  to  e f f e c t  th e  re d u c tio n  o f the d ich rom ate . The excess was then  
t i t r a t e d  a g a in s t  a  s ta n d a rd  K^Cr^O^ s o lu t io n  (app rox . N /20), u s in g  a few 
drops o f a s o lu t io n  of barium  diphenylam ine in d ic a to r  in  w a te r to  a sharp 
change from g reen  -  p u rp le .
The p resence  o f rea so n a b le  amounts o f n i t r i c  a c id  o r  o f ammonium 
n i t r a t e  in  th e  o r ig in a l  s o lu t io n  co u ld  be t o l e r a t e d  i n  t h i s  d e te rm in a tio n  
p rov ided  :
(a ) The s o lu tio n  was ad eq u a te ly  coo led  b e fo re  th e  s tan d a rd  fe r ro u s  
s o lu t io n  was added.
(b ) The t i t r a t i o n  was c a r r ie d  out im m ediately  a f t e r  th e  a d d itio n  
o f th e  f e r ro u s  s o lu t io n .
The d e te rm in a tio n  o f  phosphate  was ach ieved  by th e  p r e c ip i t a t io n  
o f th e  phosphate as  ammonium phosphom olybdate and d ry in g  a t  110°. The 
amount o f phosphate p re s e n t was determ ined  u s in g  a co n v ersio n  f a c to r  a f t e r  
c a rry in g  out a s e r i e s  of experim ents w ith  known amounts o f phosphate .
S in ce , in  many of th e  d e te rm in a tio n s , th e  phosphatew as complexed
' I
to  the Cr ( i l l )  i t  was e s s e n t i a l  to  ensure  t h a t  the  complex ionsvnre  broken  j 
down and t h a t  b e fo re  p r e c ip i t a t i o n  the phosphate  io n s  i/ere p re s e n t  as 
such in  th e  s o lu t io n  to  be an a ly sed . I t  was shown in  e a r ly  work th a t  i
c o n s is te n t  r e s u l t s  co u ld  on ly  be ach iev ed  i f  t h i s  was th e  c a se . The !
fo llo w in g  methods a re  a v a i la b le  to  ensu re  t h i s  : !I
(a ) In  th e  p resence  o f  a la rg e  excess o f H* io n s  th e  tendency  i s  j 
f o r  Cr ( i l l )  complexed —r  Cr ( i l l )  hexaaquo io n s .  T his con­
v e rs io n  i s  f a c i l i t a t e d  by b o i l in g  th e  s o lu t io n .  [
(b ) By co n v ersio n  of Cr ( i l l )  — r  Cr (V i) th e  e le c t r o n e g a t iv i ty
o f  the  chromium i s  in c re a s e d  and th e  bonding o f Cr to  phosphate i
ii
i s  c e r ta in  to  be b roken  in  th e  fo rm atio n  o f chrom ate.
The method w hich was f i n a l l y  adopted f o r  a l l  d e te rm in a tio n s  in  
which th e  phosphate  was complexed in  f a c t  u t i l i s e s  b o th  th e se  f a c t s .  j
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D e ta ile d  method
A s u i ta b le  sample o f th e  phosphate s o lu t io n  was t r e a te d  w ith  a 
few drops o f  AnalaR *100 volum e' HgOg and made a lk a l in e  by th e  a d d itio n  
of excess 880 ammonia. A f te r  a few m inutes s tan d in g  th e  co n v ersio n  o f 
Cr ( i l l )  —7  Cr (V i) was observed  to  be com plete and 5 m l. o f  c o n c e n tra te d  
n i t r i c  a c id  was added c a r e f u l ly .  The s o lu t io n  was th en  d i lu te d  to  150 m is, 
and b o ile d  f o r  a p e r io d  of some h o u rs , keep ing  th e  volume between 100 -  
150 m is. F in a l ly ,  2 g . NH^NO  ^ (AnalaR) and 100 m is. H^ O was added and 
th e  tem p era tu re  o f th e  s o lu t io n  was a d j u s t e d  t o  40°C. To t h i s  s o lu tio n  
was added 35 m is. o f a  s to c k  s o lu t io n  o f  JnalaR  ammonium m olybdate in  
n i t r i c  a c id  a lso  a t  40°C. (S tock  s o lu t io n  c o n ta in e &75 g . o f ammonium 
molybdate i n  3 N n i t r i c  a c id ) .  The a d d itio n  was c a r r i e d  ou t r a p id ly  
and a f t e r  1 m inute th e  s o lu t io n  s t i r r e d  v ig o ro u s ly  f o r  a s h o r t  tim e .
The s o lu t io n  and p r e c ip i t a t e  were allow ed  to  s tan d  o v e rn ig h t. The p re ­
c i p i t a t e  v/as t r a n s f e r r e d  to  a s in te r e d  g la s s  c ru c ib le  and washed f i r s t  
w ith  a  s o lu t io n  of ammonium n i t r a t e  in  n i t r i c  a c id  and f i n a l l y  w ith  two 
10 ml. p o r tio n s  o f a 1% n i t r i c  a c id  s o lu t io n .  The p r e c ip i t a t e  was d r ie d  
a t  110°C. f o r  1 hour and th e n , a f t e r  c o o lin g , w eighed.
The above p rocedu re  en su res  :
(a )  Complete breakdown o f  any complexes p re s e n t in  th e  i n i t i a l
<;
s o lu t io n .
(b )  The n o n - in te r fe re n c e  o f Cr (V i) and o f vdlth the  d e te r ­
m ina tion , th e  e s s e n t i a l  sequence o f th e  r e a c t io n  b e in g  :
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Cr (111) -  phosphate complex io n s  N a d in e Cr and phosphate  io n s
and a lso  co n v ers io n  o f Cr ( i l l )  complexed to  Cr ( i l l )  uncomplexed i f  
any Cr ( i l l )  i n i t i a l l y  rem ained unconverted  to  Cr (V l) . T his procedure 
ensured  th a t  th e  c o n tro l le d  c o n d itio n s  needed f o r  th e  ’c le a n ’ p r e c ip i t a t io n  
o f phosphate co u ld  be  a c c u ra te ly  rep roduced  and th a t  th e  p r e c ip i t a t e  o f 
ammonium phosphomolybdate was o f a c o n s ta n t com position  -  th u s  ju s t i f y in g  
th e  use of an e m p ir ic a l f a c to r  f o r  de term in ing  th e  amount o f phosphate 
p re se n t in  th e  i n i t i a l  sam ple.
ac id Cr (V l) (a s  u n s ta b le  peroxychrornate) and phosphate io n s
Cr ( i l l )  as C r ^ g O ) ^  and phosphate io n s .
«» •
-1"-— sl ow breakdown o f in  a c id  c o n d itio n s  
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SECTION C 
TABULAR RESULTS
TABLE 1
T y p ica l A nalyses of th e  p rep a red  chromium ( i l l )  phosphate
P2a5 h2o
% %
27.83 42.37
27.83 4 2 .36*
27 .64  42.56
27 .74  42.30
Cr2°3
f>
T h e o re tic a l  ~
f o r [ C r ( H 20 )6 PO^ 29.-80
Sample 1 29.68
Sample 2 29 .84
Sample 3 29 .74
* By d if fe re n c e
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1ABLE 2
Ion-Exchange methods to  determ ine  when Chromium ( i n )  -  
phosphoric  a c id  s o lu t io n s  aged a t  d i f f e r e n t  tem p e ra tu res  had reach ed
e q u ilib r iu m .
Aging
Temp.
R esin  Used Wt. R esin Time o f 
Aging
m.moles Cr/gm. 
r e s in
m,moles/P0.
r e s in
25°C 1R112H o .5000 g. 42 days 1.225 —
1R112H o ,5000 g . 218 days 1.327 n o t measurec
1RA400 P0^ 1,0000 g. 42 days 2.1095 it
1RA400 P0^ 1,0000 g. 218 days 0.2260 it
40°C 1RA400 P0, 4 1.0000 g. 10 days 0.0955
it
1,0000 g. 30 days 0.1798 n
1.0000 g. 50 days 0.1933 11
1.0000 g . 70 days 0.2256 It
1 .0000 g* 90 days 0.2244 11
70°C D e -a c id ite  
EE P0^ 1.0000 g. — 1.8615
1.0000 g. 1 day 0.1168 1.6829
1 .000 g. 2 days 0.1110 1.6510
1.0000 g. 3 days O .I I36 1.6750
1.0000 g. 4  days 0.1124 1.6656
Z.K.2 2 5 H .5000 g. - 1.142 -
.5000 g. 1 day 1.050 0.3606
.5000 g. 2 days 1.005 0.3606
.5000 g. 3 days 1.012 0.3622
.5000 g . 4  days 0.998 0.3465
S o lu tio n  u sed  c o n ta in e d  ^2^5* ^r 2^3* -^2^*
In  every  case  50 m is. o f s o lu tio n  in  c o n ta c t  w ith  r e s in  f o r  2 hours 
( f la s k  a g i t a t e d  on m echanical s h a k e r) .
-2*4-
S pec tro p h o to m etrie  method to  dem onstrate  the  e f f e c t  of 
ag ing  a chromium ( i l l )  -  phosphoric  a c id  s o lu t io n
S o lu tion  c o n ta in in g  5,<
D ilu ted  1 :1  R e f .s o lu t io n  H^O. 
1 c m .c e ll ( s i l i c a )
% P20 0 .5 ^  Cr20'3 , 9 4 .5 ^  H20.
W avelength
D
Unaged So ln ,
D
Aged Soln , W avelength
D
Unaged Soln .
D
Aged S o ln ,
2000 A - - 4300 0.385 0.573
2100 1 .1 0 - 4350 0.353 0.600
2200 0.723 - 2*400 0.300 0.575
2300 0 .372 2 .20 4500 0.220 0.520
2400 0 .325 2.10 2+600 0.155 0.437
2500 0.350 1 .07 4700 0.120 0.382
2600 0.400 0.657 4800 0.106 0.295
2700 0.360 0.538 4900 0.110 0.210
2800 0.265 0.2*46 5000 0.128 0 .146
2900 0.156 0.340 5100 0.177 0.132
3000 0.086 0.222 5200 0.212 0.135
3100 0 .045 0.131 5300 0.250 0.141
3200 0.027 0.065 5400 0.310 0.171
3300 0.018 0.042 5500 0.350 0.210
3400 0.043 0.038 5550 0.370 0.256
3500 0,076 0.020 5600 0.400 0.286
3600 0.143 0.048 5650 0.425 0.325
3700 0.228 0,066 5100 0.435 0.387
3800 0.325 0.125 5150 0.438 0.2+04
3900 0.432 0.198 5800 0.432 0.435
4000 0.478 0.323 5850 0.423 0.476
4050 0 .485 0.355 5900 0 • 4-12 0.500
4100 0.512 0.401 5950 0.392 0.520
4150 0.510 0 .458 6000 0.372 0.550
4200 0.470 0.510 6050 0.365 0.575
4250 0 .W 7 0.540 ■ A 6100 0.330 0,585
T em perature: Room te m p e ra tu re .
co n tin u ed o v e r le a f .
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TABLE 3 (Contd.)
W avelength Unaged s o lu t io n Aged soI l
6130A 0.303 0.592
6200 0.278 0.602
6250 0.258 0.590
6300 0.223 0.580
6350 0.212 0.565
6400 0.180 0.525
6450 0.152 0.510
6300 0.132 0.500
6600 0.098 0,442
6700 0.068 0,332
6800 0 .064 0.320
7000 0,016 0.208
7200 0.000 0.110
7400 0 .000 0.046
7600 0.000 0.000
TABLE 4
O p tic a l d e n s i ty  a t  d i f f e r e n t  w aveleng ths of a Chromium ( i l l )  -  P hosphoric
a c id  s o lu t io n  a f t e r  v a rio u s  p e r io d s  o f aging a t  70°C.
Wave-
length
45 mins 90 mins 135 mins, 180 mins,
'2300A
2400
0.442
0.355
0.795
0.436
1 .18
0.545
1.90
0.820
2500 0.398 0.405 0.410 0.516
2600 0.389 0.415 0.400 0.452
2700 0.367 : 0 .410 0.382 0.441
2800 0.270 0.312 . 0 .308 0.348
4000 0.480 0 .4 7 4 0.453 0.415
4100 0.505 0.510 0 .504 0.495
4L50 0.472 0,505 0.515 0.510
4200 0.467 0.495 0.515 0.535
4250 0.432 0,475 0.510 0.525
4300 0.399 0.420 0.485 0.512
^350 0.356 0 .415 0.445 0.477
4400 0.311 0.368 0 . 41-0 0.452
4500 0.220 0.290 0.338 0.383
5500 0.362 0.362 0.337 0.313
5600 0.359 0.385 0.385 0.375
5700 0.422 0.435 0.433 0.430
5800 0.427 0 .454 0.458 0.453
6000 0.385 0.422 0.460 0.482
6100 0.347 0.390 0.432 0.470
6150 0.322 0.373 0.415 0.455
6200 0.290 0.330 0.385 0.438
6250 0.264 0.312 0.375 0.41-3
CT
\
O O 0 .230 0.286 0.338 0.381
6400 O .I62 0.221 0.295 0.335
225 m ins,
1 .05  
0.612 
0.^68
0.352 
0 .374  
0.465 
0.495 
0.515 
0 .496 
0.515 
0.490 
0 .470 
0 .407 
0.280 
0.352 
0.407 
0.441 
0.493 
0 .490 
0 .478 
0.480 
0 .434 
0.400 
0.3,90
260 mins,
0.75 
0.524 
0 .444 
0 ,408 
0 .362 
0 . 460
0.496
0.520
0.535
0.533
0.539
0.535
0.458
0.258
0.323
0.392
0.446
0.522
0.527
0.523
0.546
0.496
0.480
0.442
305
m ins.
0.86
0.650
0.495
0.405
0.331
0.450
0.489
0.538
0.552
0.525
0.528
0.540
0.475
0.248
0.308
0.395
0.450
0.535
0.550
0.562
0.542
0.535
0.493
0.465
365
m ins.
1 .045
0.695
0.530
0.446
0.320
0.440
0.482
0.535
0.555
0.570
0.580
0.578
0.530
48 h rs.!
I.O 40
0.705
0.555
0.460
0 .324
0.438
0.492
0.530
0.555
0.568
0.575
0.565
0.500
0.247
0.317
0.399
0.455
0.560
0.568
0.572
0.575
0.550
0.520
0.484
Solution c o n ta in in g  5 . 0! 
D iluted l j l  R eference 
1 cm, c e l l  ( s i l i c a ) .
« P205 
s o lu t io n  HgO.
0 .55? Cr^O^ 94. 55? H20 
Tem peratures Room Tem perature 
Aged a t  70°C.
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TABLE 5
Measurement of o p tic a l  d e n s ity  a t  d if f e re n t  wavelengths
of a Chromium ( i l l )  -  Phosphoric Acid so lu tio n
W avelength Unaged AgedWavelen th Unaged
2400 A 0.400 0.2420.750 5100 A
2.050
0.880 0.5701.330
0.840 1.047 0.925
0.910 0.9500.905
0.405 0.910 1,025
0.186 0.248 0.828 1.121
1.1780 .1 2 1 0.090 0.727
0.1280.515 1 .220
0.898 1.235
1.048 0.595 1.195
0.070 0.495 1.153
1.0281 .014
0.870 1.132 0.915
0.8201-235 0.220
0.6621.177
1.062 0.420
0.0260.942
0.771 0.0000.012
0.282 0.403
94.5% H200. 5% Cr20S o lu tio n  c o n ta in in g  5 .0 ^
U ndilu ted  R eference 
1 cm, c e l l  ( s i l i c a )
s o lu t io n  HgO.Temperature:Room tem p era tu re . 
S o lu tio n  aged a t  70°C.
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TABLE 6
Measurement of o p tic a l  d en s ity  a t  d if f e r e n t
wavelengths of a Chromium ( i l l )  -  Phosphoric Acid so lu tio n
W avelength Unaged l j  hours . 3i  hours 5 i  hours 30 hours
2300 A 0 , l 66 0.290 0.980 - -
2400 0.146 0.189 0.425 0.760 1 .058
2300 0.155 0.178 0.248 0.385 0.505
2600 0.173 0.183 0.205 0.265 0,332
2700 0.157 0.172 0.180 0.221 0.256
2800 0.119 0.135 0.157 0.192 0.218
4000 0.215 0.193 0.168 Q.149 0.137
4100 0.223 0.199 0.196 0.188 0.185
4200 0.206 0.188 0 .214 0.219 0.224
4230 0.193 - 0.212 0.228 0.240
4300 0.172 0.161 0.207 0.232 0.243
4350 - - - 0.227 0.248
4400 0.135 0.131 0.188 0.223 0.246
4300 0 .094 0.098 0.157 0,200 0.222
4600 0.073 0.072 0.128 0.170 0.189
3500 0.167 0.143 0,123 0.112 0.103
3700 0.191 0.168 0.167 0.170 0.167
3900 0.183 0.167 0.195 0.210 0.222
6000 0.162 0.160 0.198 0.222 0.238
6100 0.145 0.140 0.193 0.225 0.250
6200 0.118 0.122 0.182 0.220 0.245
6300 0 .0 9 4 0.100 0.166 0.206 0.227
6400 0.075 0.080 0 .1 4 5 ,: 0.186 0.212
6600 0.042 0.046 0 .1 0 4 0.145 0.153
7000 0.011 0.011 - - 0.080
S o lu tio n  c o n ta in in g  5*0^  ^2^5 ^*5% ^r 2®$ 9 4 .5 ^  HgO.
D ilu ted  1 :5  R eference s o lu t io n  H^O Tem perature: Room Tem perature
1 cm, c e l l  ( s i l i c a )  S o lu tio n  aged a t  70°.
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TABLE 7
Measurement o f o p tic a l  d e n s ity  a t  d i f f e r e n t  wavelengths
of a Chromium ( i l l )  -  Phosphoric Acid so lu tio n
W avelength O p tic a l
D ensity
- W avelength O p tic a l
D ensity
3600 A 0.046 5700 A 0.385
3700 0 . 0^0 5900 0.518
3900 0.187 6000 0.553
4100 0.410 6100 0.560
4200 0.515 6200 0.570
'4300 0.570 6300 0.533
4350 0 .578 6400 0.492
4400 0.568 6500 0.450
4500 0.508 6700 0.301
4700 0.342 6900 0 .224
4900 0.172 7100 0 .114
5100 0.105 7300 0.053
5300 0 .1 3 4 7500 0.022
5500 0.236 8000 0.000
S o lu tio n  c o n ta in in g  l,5°/o ^ 2^5 1 . 26$  Cr^O^ 91*2h-% H^ O
D ilu ted  1 :5  R eference s o lu t io n  H^O Tem perature : Room te m p e ra tu re
1 cm. c e l l  ( s i l i c a )  S o lu tio n  aged a t  70° f o r  a few days.
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SECTIQN A,
PHASE DIAGRAM AT 70°.
I
1 • A pparatus |
i
In  th e  phase diagram  experim ents th e  sam ples were co n ta in ed  in  Pyrex g la s s  j
b o il in g  tu b es  w ith  B24 s ta n d a rd  ground g la s s  so c k e ts  f i t t e d  w ith  B24 ground j
g la s s  s to p p e rs . The tu b es  were h e ld  i n  a m etal box? th e  s id e s  o f which were jt
in s u la te d  w ith  g la s s  wool and th e  whole p laced  in  an oven which was ttermostatio* 
ally controlled a t7 0 + leG« The v a r ia t io n  in  th e  lag g ed  box was l e s s  th a n  0,1°C ,
and v a r ia t io n  o f  the  tem p era tu re  o f th e  sam ples in  th e  tu b es  was n o t s ig ­
n i f i c a n t ,
2. Technique
Each sample was made up by th e  a d d it io n  o f th e  s o l id  hexaaquo chromium ( i n )  |
phosphate to  a phosphoric  a c id  s o lu t io n .  The range o f  c o n c e n tra tio n s  o f j
phosphoric  oxide which was used  namely,, 0, 25$ -  60$ was o b ta in e d  by j
the  a p p ro p r ia te  d i lu t io n  o f AnalaB syrupy phosphoric  a c id  w ith  d i s t i l l e d  
w ater.
The sam ples wexo s t i r r e d  d a i ly  and more s o l id  was added where 
necessa ry  u n t i l  a  s u i ta b le  amount o f a perm anent p r e c ip i ta te  had form ed.
A fte r t h i s  th e  sam ples were s t i r r e d  r e g u la r ly  f o r  a week or so and th en  
allow ed to  s ta n d  u n d is tu rb e d  fo r  a few weeks b e fo re  a n a ly s is ,
3. D e term ination  o f s o l u b i l i t y  curve and com position  o f th e  s o l id  phase 
The m oist s o l id s  were s e p a ra te d  from th e  mother l iq u o r s  as  com plete ly  as
p o ss ib le  by f i l t r a t i o n  th rough  s in te r e d  g la s s  c ru c ib le s  and t r a n s f e r r e d  
in to  ta r e d  dry  w eighing b o t t l e s .  Known volumes o f th e  l iq u id s  were 
p ip e tte d  in to  ta r e d  w eighing b o t t l e s  ( t h i s  g iv in g  an approxim ate value  
of th e  d e n s ity  o f th e  s a tu r a te d  s o lu t io n , )
The s o l id s  were d is so lv e d  in  a minimum o f  co n ce n tra te d  n i t r i c  a c id  
and th e  s o lu t io n s  o b ta in ed  made up to  s u i ta b le  volumes. The l iq u id s  
were s t a b i l i s e d  by th e  a d d it io n  o f  app rox im ate ly  1 ml, o f c o n ce n tra te d  
n i t r i c  a c id  and made up to  s u i ta b le  volumes. An a n a ly s is  fo r  chromium 
and f o r  phosphate was th en  c a r r ie d  out on each o f  th e  s o lu t io n s  p rep a red  
in  th e  manner d e sc rib e d ,
From th e se  r e s u l t s  th e  p e rcen tag es  o f Cr^O^ and ^ 2^5 wei>e c a lc u la te d  
and th e  r e s u l t s  were p lo t te d  on t r i a n g u la r  g raph  p ap er. The a p p ro p r ia te  
t i e  l i n e s  were drawn. The r e s u l t s  o f th e  phase diagram  study  a t  70°
are reco rd ed  in  Table 8 , 011 page ‘77 and a p lo t  o f th o se  r e s u l t s  in  Fig#5
The p rocedure  was adop ted  o f  a n a ly s in g  a l t e r n a t e  tu b es  in  th e  f i r s t  
in s ta n ce  and th e n  a n a ly s in g  th e  rem ainder a t  a l a t e r  d a te . The r e s u l t s  
so o b ta in ed  le d  to  a smooth s o lu b i l i t y  iso th e rm  and co n seq u en tly  i t  was 
considered  th a t  e q u ilib r iu m  c o n d itio n s  had in  f a c t  been reach ed .
The r e s u l t s  a re  d isc u sse d  in  P a r t  49 S ec tio n  A on page 116,
As a system  o f p a r a l l e l  t i e  l i n e s  was found c e r ta in  p o r t io n s  o f
the study were re p e a te d  m a in ta in in g  th e  sam ples a t  70° fo r  a c o n s id e ra b ly  
longer p e r io d  bu t ag a in  in  t h i s  second in s ta n c e  p a r a l l e l  t i e  l i n e s  were 
observed. I d e n t i f i c a t i o n  o f th e  s o l id  and l i q u id  phases a t  a

p ercen tag e  g r e a te r  th a n  ahout 20 proved to  he im p o ssib le  s in ce  even 
w ith  the e x e rc is e  o f  g re a t  care  th e  c o n te n ts  o f the tube tu rn e d  in to  
a j e l l y - l i k e  su b stance  which p assed  th rough  a s in te r e d  g la s s  c ru c ib le  
le a v in g  no s o l id  m a te r ia l  a t  a l l .
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SECTION B.
BATCH EXPERIMENTS -  ( i )  DESORPTION Off C r (lll)  SPECIES
1 , D eso rp tion  o f C r ( l l i )  sp e c ie s  from Zeo garb  225 
A number o f d i f f e r e n t  s e r ie s  o f  experim ents were c a r r ie d  o u t0 In  every  
case -g- gm, o f the  a i r  d r ie d  r e s i n  sample in  th e  form w ith  th e  a p p ro p r ia te  
m etal or complex m eta l io n  sorbed  was a llow ed to  s tan d  in  c o n ta c t w ith  
50 m is. o f a s o lu t io n  fo r  seven days. Subsequently  th e  s o lu t io n  was 
an a ly sed  fo r  dhromium an d /o r f o r  phosphate a s  in d ic a te d  in  th e  ta b le s .
SERIES A ( l )
T his f i r s t  s e r ie s  was a s tudy  o f th e  e f f e c t  o f v a r io u s  a c id s  over a f ix e d  
pH range on th e  d e so rp tio n  o f th e  hexaaquo chromium ( i l l )  form o f  th e  
r e s in .  The r e s in  (Zeo Karb 225) was p rep a red  by t r e a t in g  i t  w ith  an 
approx. 1 M s o lu t io n  o f chrome alum u n t i l  no more chromium was sorbed  
on th e  r e s in  -  s in ce  th e  a f f i n i t y  o f  chromium ( i l l )  hexaaquo io n s  fo r  the  
r e s in  i s  v e ry  h ig h  th e  amount o f  K io n s  sorbed  i s  co rre sp o n d in g ly  sm all. 
The r e s in  was su b seq u en tly  washed and a i r  d r ie d .  -g- gm. sam ples were 
taken  and a llow ed  to  rem ain in  c o n ta c t w ith  th e  s o lu t io n  fo r  seven days 
a t  room te m p e ra tu re , w ith  o c ca s io n a l s w ir lin g  to  ensure  thorough c o n tac t 
of the  b u lk  o f  th e  s o lu tio n  w ith  th e  r e s in  beads. A s e r ie s  o f a c id s  
was used  -  namely p h o sp h o ric , s u lp h u r ic , h y d ro c h lo r ic , n i t r i c ,  and 
p e rc h lo r ic  a c id s  and in  each  case  th e  pH range was from 0 .05  -  1*5* 
S o lu tio n s  o f  each  o f th e se  a c id s  were made up hav ing  th e  fo llo w in g  pH
-55 -
v a lu es  0 .0 5 , 0 .2 5 , 0*50? 0 ,7 5 , 1 .0 0 , 1 .25  and 1.5® At th e  end o f the  
p e r io d  an a l iq u o t  o f th e  s o lu t io n  was removed and th e  amount o f chromium 
e s tim a te d  and ex p ressed  a s  a p e rcen tag e  o f th e  o r ig in a l  m etal co n ten t 
o f th e  r e s i n  sam ple. The r e s u l t s  a re  g iven  in  Table 9 on page 78 
and in  g ra p h ic a l form  in  F ig , 6 ,
SERIES A ( 2)
The second s e r ie s  was to  s tu d y  th e  e f f e c t  o f th e  same a c id s  over th e  
same pH range on th e  d e so rp tio n  o f c a t io n ic  chromium ( i l l )  phosphate 
complexes from th e  r e s in .  -J- gm, samples o f ^chromium ( i l l )  phosphat<0 x+ 
r e s in  -  which was p rep a red  by t r e a t i n g  i t  w ith  a f u l l y  aged s o lu t io n  o f 
chromium ( i n )  phosphate in  phosphoric  a c id ,  th e  r e s in  was su b sequen tly  
v/ashed and a i r  d r ie d  -  were a llow ed  to  s tan d  in  c o n tac t w ith  s o lu t io n s  
o f th e  same a c id s  a t  th e  same pH v a lu e s . A fte r  seven days th e  p e rcen tage  
chromium removed from th e  r e s in  sam ples was c a lc u la te d  from th e  r e s u l t s  o f 
th e  e s t im a tio n s . The r e s u l t s  a re  g iv en  in  Table 10 on page 79 and in  
g ra p h ic a l form in  F ig , 7*
SERIES B,
One o f th e  problem s which a ro se  in  th e  e a r ly  a tte m p ts  a t  a ch iev in g  a 
chrom atographic s e p a ra tio n  o f  th e  v a rio u s  c a t io n ic  chromium ( i l l )  phosphate 
complexes e x i s t in g  in  s o lu t io n  was th e  phenomenon r e f e r r e d  to  a s 'p h o sp h a te -  
d r i f t ’ (q .,v . page 130 ) , T his d r i f t  i s  in te r p r e te d  a s  being  due to  the  
s p l i t t i n g  o f f  o f one o r more o f  th e  a c id  phosphate groups bonded to  th e  
chromium ( i l l )  io n , by th e  medium used  f o r  e lu t in g  th e  sp e c ie s  from th e
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column. A ccord ing ly  a s e r ie s  o f batch, experim ents was d ev ised  i n  o rd er
to  (a )  i l l u s t r a t e  t h i s  e f f e c t  more a c c u ra te ly , and (b) to  see i f  the
problem  could  be overcome by th e  cho ice  o f a d i f f e r e n t  e lu t in g  a g e n t.
The o r ig in a l  cho ice  o f e lu t in g  agen t fo r  th e  se p a ra tio n  was n i t r i c
a c id  due to  th e  f a c t  t h a t  i t  cou ld  be t o l e r a t e ^  a t  l e a s t  to  a re a so n a b le
e x te n t ?in  th e  subsequent d e te rm in a tio n  o f chromium and was n e ce ssa ry  in
the  d e te rm in a tio n  o f pho sp h ate • The lo g ic a l  ch o ice  o f  a more s u i ta b le
e lu t in g  agen t i s  ammonium n i t r a t e  s in c e ,a s  i s  d iscu ssed  on page 131,
the  p robab le  cause o f breakdown o f  th e  complex io n s  i s  th e  p resence  o f 
+excess H io n s  and a s  t h i s  compound does n o t i n t e r f e r e  in  th e  determ ina­
t io n  o f chromium and p h o sp h ate .
-§• gm. r e s in  sam ples (Zeo Karb 225) were p rep a red  in  a s im ila r  manner 
to  th o se  u sed  in  S e r ie s  A(2) and were t r e a te d  w ith  50 nils, o f Anal a E 
ammonium n i t r a t e  s o l u t i o n  o f th e  fo llo w in g  m o la r i t i e s ? 0 . 25? 0 . 50? 1.00? 
2.00? which were a d ju s te d  to  be o f  c o n s ta n t pH. F u r th e r  r e s in  sam ples
were p rep a red  by s tan d in g  Zeo Karb H form r e s in  in  c o n tac t w ith  a f u l l y
aged s o lu t io n  fo r  Tg- ho u rs  and a lso  fo r  7 days and subsequent washing 
and a ir -d ry in g ?  and th e se  were t r e a te d  w ith  n i t r i c  a c id  s o lu t io n s  in  th e  
pH range in v e s t ig a te d  befo re?  namely 0 .05  -  1*5*
I n  every  case  bo th  th e  chromium and th e  phosphate removed was 
e s tim a te d . The r e s u l t s  a re  g iv en  in  T ables 11 -  13 on pages 80 - 8 2 ,
and a g raph  o f the  $ removed in  F ig . 8* By d if fe re n c e  the
r e ta in e d  was a ls o  e s tim a te d  and th e se  r e s u l t s  a re  re c o rd ed  a s  w ell and 
g iven  in  g ra p h ic a l form in  F i g . . 9#
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In c lu d ed  on th e se  g raphs i s  a p lo t  of th e  CrsPQ^ r a t i o  reino-vod 
and r e ta in e d  a t  th e  d i f f e r e n t  s tre n g th s  of the  s o lu t io n s .
2. D esorp tion  o f C i ( l l l )  sp e c ie s  from D e -a c id ite  FF.
SERIES C.
The work in  t h i s  s e c tio n  was c a r r ie d  ou t in  o rd e r to  g a in  a  more com plete 
p ic tu re  o f th e  system  a lth o u g h  th e  r e s u l t s  o b ta in ed  have n o t been a p p lie d  
i n  any way.
T his s e r i e s  o f experim en ts w ith  th e  an ion  exchanger D e -a c id ite  FF 
was c a r r ie d  out i n  p r e c is e ly  th e  manner d e sc rib e d  f o r  S e r ie s  A(2) save 
th a t  1 gm. sam ples o f D e -a c id ite  FF in  th e  chromium ( i n )  phosphate 
an io n ic  complex form were u sed . The r e s u l t s  a re  g iven  in  Table 14 
on page 83 and a g raph o f  r e s u l t s  in  P ig . 10.
FIC 10 THE REMOVAL OF [c i* ( il l )P h o s p h a te  FROM
DEAC/OITE. FF AFTER 7  DAYS
1-51*00-5 o
pH OF o rig in a l solution
o  -  H3PO4.
^  -  HjiSO^ .
^  -  Hc£
Q — H Na3 
•  -  HCto*
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SECTIOH C.
BATCH EXPERIMENTS -  ( i i )  SORPTION OF C r ( l l l )  SPECIES
1* S o rp tio n  o f  1|Cr(H^O) J  on Zeo Karb 225 (H form)
In  th e  f i r s t  s e t  o f s o rp tio n  exp erim en ts  a s tudy  o f  th e  r a t e  o f  s o rp tio n  
o f  hexaaquo chromium ( i l l )  io n s  from an unaged chromium ( i n )  -  phosphoric  
a c id  s o lu tio n  was made w ith  a r e s i n  o f low c ro s s - l in k in g  ( i . e .  h ig h  w eight 
sw e llin g ) and w ith  a  r e s in  o f h ig h  c ro s s - l in k in g  ( i . e .  low w eight 
sw e llin g ) .
-J- gm. sam ples o f the  a p p ro p r ia te  r e s in  were w eighed in to  c lean  
dry  c o n ic a l f la s k s  and 50 m is. o f  th e  s o lu t io n  were p ip e t te d  in to  each 
f la s k .  The s o lu t io n  was th e n  allow ed  to  s tan d  in  c o n ta c t w ith  r e s in  
fo r  th e  a p p ro p r ia te  le n g th  of tim e -  w ith  o c ca s io n a l sw ir lin g  to  ensure  
a thorough m ixing o f th e  r e s in  w ith  th e  h u lk  o f  th e  s o lu t io n . A fte r  th e  
a p p ro p ria te  tim e o f c o n ta c t th e  r e s in  was t r a n s f e r r e d  in  th e  u su a l way to  a 
sm all column and th e  chromium co n ten t o f th e  r e s i n  sample was determ ined  
a f t e r  e lu t io n  w ith  n i t r i c  a c id . Subsequently  th e  r e s in  c a p a c ity  was 
a lso  determ ined  by p a ss in g  a IN’ s o lu t io n  o f sodium su lp h a te  (AnaUR) 
th ro u g h  "the column and t i t r a t i n g  th e  r e le a s e d  a c id  w ith  s tan d a rd  c a u s t ic  
soda.
The r e s u l t s  a re  g iven  in  Table 15 on page 8A.
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2. S o rp tio n  o f  Cr phosphate c a t io n ic  complexes from s a tu ra te d  s o lu tio n s  
p rep a red  by ag ing  a t  70°G ,on Zeo Karb 225 (H form )
In  t h i s  second s e t  o f so rp tio n  experim ents th e  in te n t io n  was to  e lu c id a te  
the  c a t io n ic  complexes sorbed  on th e  r e s i n  by th e  method o f Salmon (l)«
The s o lu t io n s  s e le c te d  fo r  s tu d y , in  th e  f i r s t  in s ta n c e , were chromium ( i l l )  •
phosphoric  a c id  m ix tu res  p rep a red  in  th e  u su a l manner and s a tu r a te d  w ith  
re s p e c t to  chromium? i . e .  working a long  th e  s o lu b i l i t y  iso th erm  o f the  
phase diagram  study  a t  70°. The com position  o f th e  v a r io u s  s a tu r a te d  
s o lu tio n s  employed a re  g iv en  in  Table 16 on page 85*
The i n i t i a l  work on th e  system  by Jameson and Salmon (2 ) c a r r ie d  
out a t  40° in d ic a te d  th a t  th e re  was a p o s s i b i l i t y  t h a t  th e  r e s i n  was no t 
com pletely  co n v e rted  to  th e  complex io n  form . In  view o f t h i s  in d ic a t io n  ’ 
two l in e s  o f  in v e s t ig a t io n  were decided  upon s
( i ) ; a s tudy  o f  th e  e f f e c t  o f  v a ry in g  th e  w e ig h t sw e llin g  of th e  r e s i n ,
( i i )  a s tu d y  o f the  e f f e c t  o f tim e o f c o n ta c t o f th e  r e s in  w ith  th e
s o lu t io n .
Each o f  th e se  s tu d ie s  be ing  c a r r ie d  ou t over a  range o f c o n c e n tra tio n s .
F u rtherm ore , i t  was dec id ed  to  use a r e s in  o f  sm all p a r t i c l e  s iz e  
th roughou t, namely 50 -  100 mesh.
i  gm. sam ples o f  th e  a p p ro p r ia te  Zeo Karb 225 r e s in  i n  th e  Hydrogen 
form were w eighed in to  c lean  dry  c o n ica l f l a s k s .  50 m is. of th e  f u l l y  
aged hot s o lu t io n  were p ip e t te d  in to  each f la s k .  The s o lu t io n  and r e s in
- 60-
rem ained in  c o n ta c t under th e  c o n d itio n s  o f th e  experim ent -  e i th e r  
standing* w ith  o ccas io n a l s w ir lin g  to  ensure  a  thorough  m ixing o f th e  
r e s in  w ith  th e  b u lk  o f th e  so lu tio n *  o r by shaking  on a m echanical shaker -  
fo r  th e  a p p ro p r ia te  le n g th  of tim e .
At th e  co n c lu s io n  o f th e  experim ent th e  r e s in  was t r a n s f e r r e d  in  th e  
u su a l way to  a sm all column and then* a f t e r  washing* th e  complex sp ec ie s  
were e lu te d  w ith  n i t r i c  a c id . The e f f lu e n t  and w ashings were an a ly sed  
fo r  chromium and phosphate . S ubsequently  th e  r e s in  c a p a c ity  o f  each  r e s in  
sample now f u l l y  co n v erted  to  th e  H form was determ ined  a s  o u tl in e d  p re ­
v io u s ly .
I n  th e  f i r s t  s e t  of Tables* namely 17 -  22* a re c o rd  i s  g iven  
of th e  r e s u l t s  o b ta in e d  in  s tu d y in g  th e  e f f e c t  o f v a ry in g  th e  w eight sw e llin g  
of th e  r e s i n  fo r  a c o n s ta n t tim e of c o n ta c t.
In  th e  second s e t  o f Tables* namely, 23 -  27, th e  r e s u l t s  
o b ta in ed  in  s tu d y in g  th e  e f f e c t  o f time of c o n ta c t o f  s o lu t io n  and r e s in  
are  g iven .
The g ra p h ic a l  r e s u l t s  which may be d e riv e d  from th e se  ta b le s  a re  
d e fe rre d  u n t i l  th e  d is c u s s io n  o f th e se  b a tch  s tu d ie s*  in  P a r t  if, S ec tio n  C 
on page 134.
Prom th e  r e s u l t s  o b ta in ed  in  th e se  s e r i e s  o f  experim ents one o f 
the  f e a tu re s  t h a t  i s  ev id en t i s  th a t  th e re  i s  a change in  r a t i o  o f chromiums 
phosphate on th e  r e s i n  w ith  th e  tim e o f  c o n ta c t o f r e s in  w ith  s o lu t io n .
As i s  d isc u sse d  on page 137, th e re  a re  s e v e ra l f a c to r s  which may account 
fo r  th i s ,  namely s -
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( i )  R ate o f  d if f u s io n  o f the v a r io u s  com plexes.
( i i )  E f fe c t  o f th e  h ig h ly  a c id  media w ith in  th e  r e s in  i n i t i a l l y  on 
th e  complexes sorhed .
( i i i )  Changes in  th e  s o lu tio n  w ith in  th e  tim e of the experim ent.
Two f u r th e r  s e r ie s  o f  experim en ts  were d ev ised  to  t e s t  f a c to r s
( i i )  and ( i i i ) .
F i r s t l y  th e  sodium form  o f th e  r e s in  was used  in  p lace  
of the  hydrogen form. A b lank  experim ent was c a r r ie d  ou t to  f in d  out 
th e  amount o f co n v ersio n  of sodium form to  hydrogen form a t  th e  pH of the 
s o lu tio n  in  c o n ta c t w ith  th e  r e s in .
Secondly a s o lu tio n  was aged in  the  normal fa sh io n  a t  'JO0 and th en  
allow ed to  s ta n d  f o r  a long  p e rio d  a t  room tem p era tu re  b e fo re  the  normal 
procedure was adopted .
The r e s u l t s  o f th e se  two s e r i e s  o f experim en ts a re  re co rd ed  in  
Tables 28 and 29 on pages 97 and 98*
3. S o rp tio n  o f chromium phosphate c a t io n ic  complexes from u n s a tu ra te d
-        r~'Tni I 1 1- -rrni - -| i ~r T*nw imn»iiniimiTrf1iiiiw «nw«nirnwrTTrninni -i trn '—Tm—n—r-rrmim 1—r~
s o lu t io n s  o f  Zeo Karb 225 (H form)
( i )  S o lu tio n s  aged a t  70°
In  t h i s  t h i r d  s e t  o f s o rp tio n  experim en ts th e  techn ique  a p p lie d  was 
p re c is e ly  s im ila r  to  th a t  o u t l in e d  fo r  th e  second s e t .  The s o lu tio n s  
of chromium ( i l l )  -  phosphoric  a c id  which were s e le c te d  f o r  study* however* 
were not s a tu r a te d .
The f i r s t  s e r i e s  o f ex p erim en ts  was c a r r ie d  out w ith  s o lu t io n s  o f
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a c o n s ta n t chromium ( i l l )  c o n ten t w h ils t  th e  phosphate co n ten t was v a r ie d .
The second s e r ie s  o f experim en ts was c a r r ie d  out w ith  s o lu tio n s  o f  
a c o n s ta n t phosphate  co n ten t w h ils t  the  chromium ( i l l )  co n ten t was v a r ie d . !
The com position  o f  th e  s o lu t io n s  employed in  t h i s  s tu d y  a re  g iven
• |
i n  Table 30 on page 99. • ' !
The r e s u l t s  o f the  b a tc h  s o rp tio n  s tu d ie s ,  c a r r ie d  out as o u tl in e d  ;
4 i |
p re v io u s ly , a re  re c o rd ed  in  T ab les 31 ■ 32, on pages 100 and 101.
( i i )  S o lu tio n s  aged a t  100°C
A f u r th e r  s e r ie s  o f experim en ts  was c a r r i e d  ou t w ith  s o lu t io n s  o f 
a c o n s ta n t phosphate co n ten t w h i ls t  th e  chromium (111) co n ten t was v a r ie d , j
The s o lu t io n s  were aged by r e f lu x in g  them f o r  a p e rio d  o f a t  l e a s t  12 h o u rs .j
1 1- j
The r e s u l t s  o f th e  b a tc h  s o rp tio n  s tu d ie s  a re  re c o rd ed  in  T ables 33 |
on page 102. j
4 . S o rp tio n  o f Chromium ( i l l )  from a t 2jj$t s o lu tio n  by D e -a c id ite  FF 
In  th e  column experim en ts  d e sc rib e d  in  th e  n ex t s e c t io n , i t  was hoped to  
ach ieve  a c lea n  s e p a ra tio n  o f  the  c a t io n ic ,  a n io n ic ,  and n e u tra l  ’f r a c t i o n s 1 ■
o f a f u l l y  aged s a tu r a te d  s o lu t io n  by th e  passage  of such a s o lu t io n
th ro u g h , f i r s t  a column o f a c a t io n  exchanger, th en  a column o f an an ion  
exchanger and c o l le c t in g  th e  e f f lu e n t  from b o th  columns a f t e r  w ashing.
By e lu t io n  o f each  column s e p a ra te ly  and a n a ly s is  o f the  two e f f lu e n ts  
and th e  i n i t i a l  w ash ings, i t  was hoped to  g a in  a knowledge o f th e  $
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chromium and. $  £)hosphate in  th e  v a rio u s  form s.
However, p re lim in a ry  column experim ents were no t v e ry  su c c e ss fu l 
s in ce  i t  was found th a t  th e  amount o f chromium taken  up  on the  an ion  
exchanger v a r ie d  c o n s id e ra b ly  depending on w hether th e  column was i n  
th e  phosphate or th e  n i t r a t e  form . I t  was th e re fo re  d ecided  to  c a rry  
out th e  fo llo w in g  s e r i e s  o f experim en ts w ith  th e  in te n t io n  o f f in d in g  
a s u i ta b le  form o f th e  an ion  exchanger which would remove th e  a n io n ic  
chromium ( i l l )  phosphate complexes r a p id ly  w h ils t  n o t causing  th e i r  
breakdown in  any way.
Samples o f D e -a c id ite  FF were p rep ared  in  th e  ch lo rid e*  n i t r a te *  
su lphate*  p e rc h lo ra te *  phosphate* a c e ta te  and b ic a rb o n a te  form s. 1 gm. 
samples o f  r e s i n  were a llow ed  to  s tan d  in  c o n tac t w ith  a f u l l y  aged 
so lu tio n  f o r  d i f f e r in g  le n g th s  o f tim e . The r e s u l t s  o b ta in ed  a re  
reco rd ed  in  Table 34a and given  g ra p h ic a l ly  i n  F ig . 15 m
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SECTION D.
ION-EXCHANGE SEPARATIONS INTO CATIONIC, ANIONIC 
AND NEUTRAL COMPLEXES
1, S o rp tio n  u s in g  bo th  Zeo Karb 225 and. D e -a c id ite  PP.
In  th e  f i r s t  in s ta n c e  th e  in te n t io n  was to  ach ieve  a s e p a ra tio n  in to  th e  
c a t io n ic ,  a n io n ic  and n e u tra l  complexes which were p re se n t in  th e  f u l l y  
aged s o lu t io n s  in v e s t ig a te d  hy b a tch  s tu d ie s .  I f  th e  pe rcen tag e  o f 
chromium in  each c la s s  o f complex were known and a lso  th e  e x te n t to  which 
the phosphate was being  u t i l i s e d  in  complex fo rm a tio n , th e n  from t h i s  
knowledge over th e  range o f  s o lu tio n s  s tu d ie d  i t  shou ld  prove p o s s ib le  to  
make c e r ta in  p re d ic t io n s  r e l a t i n g  to  th e  mode o f fo rm atio n  o f th e  complexes.
E a rly  a tte m p ts  a t  a ch iev in g  a chrom atographic s e p a ra tio n  o f th e  
vario u s  c a t io n ic  complexes in v o lv ed  th e  passage o f a f u l l y  aged s o lu tio n  
through a lo n g  column ( 1 x  $0 cm.) o f  D e -a c id ite  FP?in  th e  n i t r a t e  o r 
su lphate  fo rr^  p r io r  to  passage th ro u g h  a s im ila r  column o f Zeo Karb 225 in  
the H form. I t  was found th a t  th e  amount o f  chromium and  phosphate 
sorbed on b o th  columns and ap p ea rin g  in  th e  w ashings from th e  columns 
on lo ad in g  them v a r ie d  co n sid e ra b ly  a s  th e  fo llo w in g  f a c to r s  were v a r ie d  8
(a )  The form o f  th e  an ion  exchanger
(b ) The r a t e  o f passage o f s o lu t io n  th ro u g h  th e  columns
(c )  Even th e  o rd e r o f passage seemed to  have some e f f e c t  on th e  r e s u l t s .
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As a r e s u l t  o f  th e  h a tc h  s tu d ie s  a s  d isc u sse d  in  S ec tio n  C ( 4)9 
i t  i s  c le a r  th a t  any a ttem p t to  ach ieve  a s e p a ra tio n  i n ' t h i s  way would 
no t he v e ry  v a lu ab le  as in  a l l  p r o b a b i l i ty  one o f two f a c to r s  c e r ta in ly  
would a f f e c t  th e  b a lance  o f th e  a n io n ic  and n e u tr a l  complexes. These 
two f a c to r s  a re  %
( i )  Chemical in t e r a c t io n  betw een th e  an ion  exchanger in  some 
forms and th e  s o lu t io n  p assed  th rough  th e  column -  r e s u l t i n g  in  
more chromium being  so rbed  a s  a n io n ic  s p e c ie s  th a n  i s  i n  r e a l i t y  
p re s e n t i n  th e  s o lu t io n . '
( i i )  Lack o f so rp tio n  o f  th e  complex sp e c ie s  on th e^an io n  ex-* 
changer i n  th e  o th e r  fo rm s9 r e s u l t in g  in  a f a l s e  value, fo r  th e  
amount o f  n e u tr a l  com plexes.
As a r e s u l t  o f th e se  o b se rv a tio n s  th e  experim en ts in  t h i s  
form were d isc o n tin u e d . ' R e s u lts  o f  th re e  o r fo u r  o f  th e se  experim ents 
a re  re c o rd ed  in  T able 35 i n o rd e r t o  i l l u s t r a t e  th e  above d is c u s s io n .
2* S o rp tio n  u s in g  Zeo Karb 225 o n ly , i . e .  s e p a ra tio n  o f th e
c a t io n ic  complexes from th e  o th e r  two c la s s e s  p re se n t in  a f u l l y  aged 
s o lu tio n .
On th e  r e a l i s a t i o n  th a t  a  chem ical change o f th e  a n io n ic  complexes was 
p robab ly  ta k in g  p la ce  on th e  passage o f th e  s o lu tio n  th rough  an an ion  
exchange column o r th a t  incom plete  s o rp tio n  o f  th e  a n io n ic  sp ec ie s  
was ta k in g  p la c e 9 i t  was d ecided  to  abandon th e  o r ig in a l  in te n t io n  and 
m erely to  d i f f e r e n t i a t e  between th e  c a t io n ic  complexes and th e  r e s t .
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The s e p a ra tio n  was ach iev ed  in  th e  fo llo w in g  manner. Two 
columns (25 a: 2 .5  cms. ) c o n ta in in g  about 15 gms, each o f Zeo Karb 225 
(H form) o f 2$ c ro s s - l in k in g  were connected  in  s e r i e s .  An a p p ro p ria te  
a l iq u o t  o f  th e  s o lu tio n  under in v e s t ig a t io n  was p ip e t te d  u n d ilu te d  on 
to  th e  to p  o f  th e  f i r s t  column and th e  columns were su b sequen tly  
washed w ith  500 m is. o f  d i s t i l l e d  w a te r . The use o f th e  second column 
was d ec id ed  upon a f t e r  i t  was observed  th a t  a c e r ta in  p ro p o r tio n  o f 
th e  c a t io n ic  complexes were h e ld  v e ry  l i g h t ly .  I t  was found th a t  a 
sm all p o r t io n  o f  c a t io n ic  chromium was r e ta in e d  in  t h i s  way5 which would 
o th erw ise  have p assed  th rough  and been an a ly sed  in  th e  w ashings. When 
s e p a ra tio n  had been ach ieved  in  t h i s  way th e  c a t io n ic  complexes Y^ere e lu te d  
from the  column u s in g  2E and employing th e  !method o f  s p u r ts* .
A n a ly sis  o f  th e  chromium and phosphate co n ten t o f b o th  s o lu tio n s  was 
th e n  c a r r ie d  ou t in  th e  normal manner. The r e s u l t s  a re  g iven  i n  T ab les 
36a and b and in d ic a te  th a t  th e  m a jo r ity  o f th e  chromium i s  i n  th e  c a t io n ­
i c  form  in  most s o lu t io n s .  In  a d d i t io n yth e  im p ressio n  g a in ed  in  the  
e a r l i e r  a tte m p ts  a t  a ch iev in g  a com plete s e p a ra tio n  in to  th e  th re e  c la s s e s  
o f complex i s  th a t  th e  r e s t  o f th e  chromium i s  in  th e  form o f  a n io n ic  
complexes though i t  i s  d i f f i c u l t  to  be c e r ta in  on t h i s  p o in t .
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SECTION E.
ION EXCHANGE CHROMATOGRAPHY 
Ion  Exchange Chromatography
In  th e  p rev io u s  s e c t io n  th e  s e p a ra tio n  o f th e  complexes p re se n t i n  
chromium ( l l l ) - p h o s p h o r ic  a c id  s o lu t io n s  in to  c a t io n ic  and o th e r  components 
was d isc u sse d . I n  t h i s  s e c tio n  an account i s  g iven  o f  th e  a tte m p ts  made 
to  s e p a ra te  the  v a r io u s  c a t io n ic  complexes p re s e n t in  th e se  s o lu t io n s  and 
to  determ ine t h e i r  p ro b ab le  fo rm ulae . M ention i s  a lso  made o f  th e  few 
a ttem p ts  a t  e lu c id a t io n  o f th e  a n io n ic  complexes p re se n t in  th e  same 
s o lu t io n s ,
1# E a r ly  Work
The b a tc h  r e s u l t s  in v o lv in g  th e  d e so rp tio n  o f  chromium ( i n )  sp e c ie s  
(d e sc r ib e d  in  S e c tio n  B .) le d  to  th e  co n c lu s io n  th a t  hexaaquo chromium ( i l l )  
io n s  shou ld  be sep a ra b le  from  chromium ( i l l ) - p h o s p h a te  complex c a t io n s  
s in c e , say a t  pH 0.5* th e  fo m etal removed by n i t r i c  a c id  i s  29*06 and 48*57 
re s p e c t iv e ly  w here9 in  th e  f i r s t  c a se , th e  r e s in  i s  in  th e  hexaaquo form 
an d ,seco n d ly , where i t  i s  e x c lu s iv e ly  in  th e  complex c a tio n  form. (See 
Genge and Salmon (3 ) f o r  a d is c u s s io n  o f th e  way in  which th e  r e s u l t s  o f 
b a tch  experim en ts  may be a p p lie d  to  de te rm in in g  w hether or n o t a column 
se p a ra tio n  o f  m a c ro -q u a n ti t ie s  shou ld  be p o s s ib le ) .  The f i r s t  experim ent 
which was c a r r ie d  ou t was an a ttem p t to  ach ieve t h i s  s e p a ra t io n .
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The column (10 in .  x -g- i n . ) was f i l l e d  w ith  c ro s s - l in k e d  
Zeo Karb 225 i n H form in  th e  normal way. The column was hackwashed 
sev e ra l tim es to  ensure  th a t  th e  r e s i n  was evenly  g rad ed  and s e t t l e d  
properly* An a r t i f i c i a l  p a r t i a l l y  aged s o lu tio n  was p rep a red  hy m ixing 
to g e th e r  equal volumes o f a  f r e s h ly  p rep a red  s o lu t io n  w ith  a s o lu t io n  o f 
equal s t r e n g th  th a t  had heen f u l l y  aged a t  70°C. 10 m is. o f  t h i s
mixed s o lu t io n  was added dropw ise to  th e  to p  o f  the  column. The le v e l  o f 
the  l iq u id  in  th e  column b e in g  m ain ta in ed  ju s t  above th e  le v e l  o f th e  r e s in  
by ad justm en t o f th e  s id e  arm connected  to  the column. A fte r  th e  column 
had been lo ad ed  in  t h i s  way i t  was th o rough ly  washed by p a ss in g  th rough  
d i s t i l l e d  w a ter in  a s im ila r  manner. The column was th en  e lu te d  w ith  2N 
n i t r i c  a c id . The e f f lu e n t  was c o l le c te d  in  10 ml. f r a c t io n s  and an a ly sed  
fo r  chromium i n  th e  u su a l manner. The r e s u l t s  a re  g iv en  in  Table 38 in  
co n ju n ctio n  w ith  r e s u l t s  o b ta in ed  in  th e  same column u s in g  a f u l l y  aged 
so lu tio n .
Having ach iev ed  a p a r t i a l  s e p a ra tio n  o f  hexaaquo chromium ( i l l )  
and c a t io n ic  chromium ( i n )  -p h osphate  complexes* i t  was decided  to  c a r ry  
out a s im ila r  experim ent to  see i f  th e re  were a m ix tu re  o f  complexes p re se n t 
or only one. A ccord ing ly  10 m is. o f a f u l l y  aged s o lu t io n  were lo ad ed  
on the  same column and a f t e r  w ashing th e  column was e lu te d  w ith  n i t r i c  a c id  
of low er c o n c e n tra tio n s . The r e s u l t s  a re  g iven  i n  Table 39 in d ic a te  
th a t the  c a t io n ic  f r a c t io n  from a f u l l y  aged s o lu tio n  could  be s e p a ra te d  
in to  a number o f  bands* each re p re s e n tin g  one or more complex c a t io n s .
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The n ex t s tag e  was th e  developm ent o f a techn ique  o f column o p e ra tio n  i n  
which s e p a ra tio n  o f  th e  hands was such as  to  a llow  id e n t i f i c a t i o n  o f th e  
d i f f e r e n t  complexes by subsequent a n a ly s is  o f  th e  e f f lu e n t ,
2# Io n  exchange chrom atography u s in g  s tep -w ise  e lu t io n
The f i r s t  method o f  approach to  th e  problem  to  th e  io n  exchange chromatograph-! -
j
i c  s e p a ra tio n s  o f th e  c a t io n ic  complexes p re se n t in  th e  system  was to  use I 
s tep -w ise  e lu t io n  as  d e sc rib e d  in  P a r t  1 , on page 24 .
j
The column desig n
In  o rd e r to  ach ieve  a s  good a s e p a ra tio n  a s  p o s s ib le 9 v a r io u s  column 
arrangem ents were t r i e d  o u t .  The a p p a ra tu s  which gave th e  b e s t  r e s u l t s
was a cc o rd in g ly  adopted  fo r  a l l  f u r th e r  work i s  d e sc r ib e d  in  t h i s  S e c tio n , 
The column h o ld in g  th e  io n  exchange r e s in  c o n s is te d  o f a b u re t te  
which had a p lug  o f g la s s  wool in tro d u c e d  in  th e  space between th e  50 ml, 
mark and th e  g la s s  ta p .  To th e  to p  o f  t h i s  column th e  o u t le t  o f  a second 
b a lan c in g  b u r e t te  was connected  v ia  q u i l l  tu b in g  to  which was f i t t e d  a sm all j 
g la s s  tube in  which a s in te r e d  d is c  had been s e a le d , For a diagram  o f  th e  |
a p p a ra tu s  see F ig , 3B, The use  o f th e  b a lan c in g  column was to  ensure
th a t  th e  r e s in  column cou ld  n o t ru n  dry  once th e  a p p a ra tu s  had been s e t  up.
The use o f q u i l l  tu b in g  was to  cu t down th e  dead volume o f l iq u id  above j
|
the  r e s in  bed. The use  o f th e  g la s s  tu b e  f i t t e d  w ith  th e  s in te r e d  d is c  |
was 5 ( i )  to  t r a p  any s o l id  p a r t i c l e s  which m ight s t r a y  in to  th e  c o n ta in e r  j
j
and co n n ec tin g  tu b e s  in  th e  course  o f sep a ra tio n *  ( i i )  to  p rev en t th e  r e s i n  j
p a r t i c l e s  from flo w in g  in to  th e  b a la n c in g  column on back-w ashing th e  r e s in  |
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column, To th e  "bottom o f  th e  f i r s t  column a po ly th en e  tube was f i t t e d  
which ra n  s t r a ig h t  in to  th e  c o l le c t in g  v e s s e l .  The c o n ta in e r  h o ld in g  
th e  l i q u id  to  he passed  th rough  th e  column was a one l i t r e  a s p i r a to r  
f i t t e d  w ith  a ta p  and d e liv e ry  tube which was connected  to  th e  to p  o f th e  
b a lan c in g  column. A ll co n n ec tio n s  were made w ith  ru b b e r bungs and w ith  
po ly thene  tu b in g .
U sing th e  columns
Two such s e t s  o f columns were a rran g ed  in  s e r ie s ,  t h a t  i s , t h e  e x i t  tube  
from th e  f i r s t  column o f r e s in  d e l iv e re d  d i r e c t l y  in to  the  second b a lan c in g  
column. A fte r  lo a d in g  th e  columns a rran g ed  in  t h i s  way, th e  e x i t  tube 
was d isco n n ec ted  and each s e t  t r e a te d  s e p a ra te ly , The f i r s t  r e s in  column
was f i l l e d  up to  th e  zero  mark w ith  4 ^ c^ o ss~ lin k ed  Zeo Karb 225 in, "the H 
form and th e  second r e s in  column was s im i la r ly  lo ad ed  w ith  Qfo c ro s s - l in k e d  
D e -a c id ite  FF in  th e  n i t r a t e  o r su lp h a te  form .
The columns were lo ad ed  as fo l lo w s 8 F i r s t l y ? th e  le v e l  o f l iq u id  
in  b o th  o f  th e  b a lan c in g  columns was low ered so th a t  th e  on ly  w a ter r e ­
m aining in  th e  a p p a ra tu s  was t h a t  in  th e  q u i l l  tu b in g  co n n ec tio n s  and d i r e c t ­
ly  above th e  r e s i n  colum ns9 to g e th e r  w ith  th a t  occupying t h e i n t e r s t i c e s  
o f th e  r e s in  columns them selv es . Then a s u i ta b le  a l iq u o t  o f th e  f u l l y  
aged s o lu t io n  was d i lu te d  up to  100 or 250 m is. i n  th e  c o n ta in e r  and allow ed 
to  p ass  th rough  th e  a p p a ra tu s  a t  a r a t e  o f  about 50 ml* Pe** hour. Sub­
seq u en tly  th e  columns were washed w ith  d i s t i l l e d  w a te r in  a s im ila r  m anner.
A fte r  th e  passage o f  about one l i t r e  of d i s t i l l e d  w a te r , th e  two s e ts  
were d isco n n ec ted  and th e  f i n a l  washing o f each r e s i n  column was com pleted 
s e p a ra te ly . Each column was th e n  e lu te d  u s in g  n i t r i c  a c id  o f  th e  
a p p ro p r ia te  c o n c e n tra tio n . As th e  chrom atographic s e p a ra tio n  proceeded 
so th e  c o n c e n tra tio n  o f th e  n i t r i c  a c id  was in c re a s e d  by r e p la c in g  th e  
s o lu tio n  in  th e  c o n ta in in g  v e s s e l  by a f r e s h  s o lu t io n  o f h ig h e r concen­
t r a t i o n .
R e s u lts  and problem s
On t h i s  a p p a ra tu s  a number o f  chrom atographic s e p a ra tio n s  were t r i e d  
u s in g  n i t r i c  a c id  a s  th e  e lu t in g  agen t bu t two problem s were encoun tered  
which made th e  r e s u l t s  o b ta in ed  alm ost im p o ssib le  -  ex cep t in  a few i s o ­
l a t e d  experim en ts _ to  i n t e r p r e t ,
1 . The f i r s t  problem  th a t  was encoun tered  was t h a t  on changing from
one c o n c e n tra tio n  to  a n o th e r , which was g e n e ra l ly  made a f t e r  a complex 
had j u s t  been d eso rbed  from th e  column ( th e  judgment o f  t h i s  b e in g  made by 
e y e )s o f te n  th e re  appeared  a t  th e  base  o f th e  r e s i n  column a band where 
one had no t been seen  b e fo re . T h is le d  to  th e  assum ption th a t  an o th er 
complex had been found w hereas, in  f a c t ,  a l l  t h a t  had been observed  was 
,th a t th e  p rev io u s  complex had n o t been com plete ly  desorbed  and th a t  th e  
passage o f th e  more c o n c e n tra te d  e lu t in g  ag en t S h a rp en ed  u p 1 th e  t a i l  
of t h i s  band. T h is problem  was overcome to  a c e r t a in  e x te n t by not
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changing over to  a more c o n ce n tra te d  e lu t in g  s o lu t io n  so q u ic k ly .
2. The second problem  th a t  was encoun tered  was more p rofound. I
Using n i t r i c  a c id  a s  th e  e lu t in g  agen t i t  o f te n  proved im p ossib le  to
p lace  any meaning on th e  a n a ly se s  o f  th e  v a r io u s  c o l le c te d  f r a c t io n s  o f 
th e  e f f lu e n t .  The rea so n  f o r  t h i s  was th a t  th e  Cr s PO^ r a t i o 5 e s p e c ia l ly  
in  th e  e a r ly  f r a c t i o n s * was o f te n  such th a t  no in t e r p r e ta t io n  cou ld  be 
g iven  to  th e  r e s u l t s  a t  a l l .  Four chromatograms showed t h i s  behav iou r 
most m arkedly -  th e  r e s u l t s  o f  one a re  g iv en  a s  an example in  Table 4P*
As f a r  a s  th e  r e s u l t s  o f o th e r  chromatograms a re  concerned* those  
which appear to  be r e l i a b l e  a re  g iven  i n  an a b b re v ia te d  form in  Table 4-1.
3. Io n  exchange chrom atography u s in g g p ad ien t e lu t io n
In  u s in g  s tep -w ise  e lu t io n  and n i t r i c  a c id  as th e  e lu t in g  agent* two 
problem s seemed to  re n d e r th e  r e s u l t s  d i f f i c u l t  o r im p o ssib le  to  i n t e r p r e t  
in  s p i te  o f th e  f a c t  th a t  a c le a r  s e p a ra tio n  o f  th e  complexes appeared  to  
have been made. These problem s have a lre a d y  been s ta t e d  and a d is c u s s io n  
o f th e  s o -c a l le d  phosphate d r i f t  i s  g iv en  in  P a r t  4 ? S ec tio n  B, on page 129.'
To t r y  to  overcome th e se  problems* th e  fo llo w in g  approach was 
d ecided  upon s -
( i )  To u se  g ra d ie n t e lu t io n  in  p lace  o f  s tep -w ise  e lu t io n .
( i i )  To use  ammonium n i t r a t e  s o lu tio n  a s  th e  e lu t in g  agent 
i n i t i a l l y  and fo llo w ed  by an ammonium n i t r a t e - n i t r i c  a c id  
m ix tu re .
( i i i )  To add to  th e  p re v io u s ly  p rep a red  column in  th e  H form a 
s lu r r y  of r e s in  in  th e  complex form.
The use  o f  g ra d ie n t  e lu t io n
A d is c u s s io n  o f g ra d ie n t e lu t io n  has a lre a d y  been g iven  in  P a r t  1* S ec tio n  C 
and a f ig u re  o f  th e  a p p a ra tu s  was shown in  P ig . 3A.
The r e s in  th a t  was used  in  th e  ex p erim en ts  d e sc r ib e d  under t h i s  head 
was 2$ c ro s s - l in k e d  Zeo Karb 225 i*1 H form and th e  column u sed  was a 
b u re t te  s e t  up s im i la r ly  to  t h a t  d e sc rib e d  in  th e  s e c t io n  on s tep -w ise  
e lu t io n ,  excep t t h a t , i n  o rd e r to  c u t out a s  much a s  p o s s ib le  o f th e  volume j 
of l iq u id  above th e  r e s i n  column, th e  b a lan c in g  column was d isp en sed  w ith .
The d e liv e ry  tu b e  ex tended  in  th e  b u re t te  to  ju s t  above th e  i n i t i a l  le v e l  
of th e  r e s in .
The advantage o f g ra d ie n t e lu t io n  was th a t  th e  f i r s t  problem  which 
was encoun tered  w ith  th e  s tep -w ise  e lu t io n  tech n iq u e  was © rad ica ted  (namely 
the  appearance o f sp u rio u s  b an d s). By having  a c o n tin u o u s ly  in c re a s in g  con- I 
c e n tr a t io n  o f th e  e lu t in g  a g e n t, no t only  was t h i s  problem  e lim in a te d  b u t th e  j 
bands o f  th e  complex were k ep t sh a rp e r and th e  t a i l i n g  e f f e c t  was c o n sid e r­
ab ly  reduced . T his ensu red  a c le a r e r  s e p a ra tio n  o f  th e  bands and th e  r e ­
s u l t s  o f  th e  a n a ly se s  were a cc o rd in g ly  more tru s tw o rth y . The on ly  n e c e s s i ty  
in  t h i s  method was to  choose ( th e  i n i t i a l  c o n c e n tra tio n  o f the  r e s e r v o i r )  
and VQ ( th e  volume o f th e  m ixing chamber) so th a t  a c le a r  s e p a ra tio n  
o f th e  complexes was ach iev ed .
In  th e  b a tch  experim en ts  d e sc r ib e d  in  S ec tio n  B on page 54 a-ftd. d isc u sse d  
in  P a r t  4? S ec tio n  B on -page 12L»one o f  the  re a so n s  fo r  th e  s o -c a l le d  
’phosphate d r i f t 1 cou ld  be th a t  th e  complexes sorbed  on th e  r e s in  undergo 
breakdown b rough t about by th e  h ig h  a c id  c o n c e n tra tio n , and t h i s  breakdown 
r e s u l t s  in  r e le a s e  o f phosphate io n s . The r e s u l t s  o f th e  b a tc h  e x p e r i­
m ents in d ic a te  th a t  w ith  ammonium n i t r a t e  t h i s  e f f e c t  i s  c o n s id e ra b ly  
reduced . In  th e  e lu t io n  of th e  more l i g h t l y  h e ld  com plexes, ammonium 
n i t r a t e  a lone  was u sed , bu t a f t e r  th e se  had been e lu te d  a m ix tu re  o f 
ammonium n i t r a t e - n i t r i c  a c id  was u sed  as  th e  e lu t in g  a g en t. The re a so n  
fo r  t h i s  change over was in  o rd e r to  f a c i l i t a t e  th e  e s tim a tio n  o f chromium, 
th e  d e te rm in a tio n  o f which appeared  to  be d i f f i c u l t  i n  th e  p resence  o f 
a la rg e  ex cess  o f ammonium n i t r a t e .  To ach ieve  th e  change o v er, th e  
a p p ara tu s  was desig n ed  w ith  two r e s e r v o i r s ,  each connected  s e p a ra te ly  to  
the  m ixing chamber, and f i t t e d  w ith  a screw  c l ip .  The f i r s t  r e s e r v o i r  
c o n ta in ed  ammonium n i t r a t e  s o lu t io n  (u s u a lly  0 .66  M) and th e  c o n te n ts  o f 
th i s  were allow ed  to  flow  in to  th e  m ixing chamber f i r s t .  At th e  chosen 
tim e th e  screw c l ip  of t h i s  r e s e r v o i r  was c lo se d  and th a t  b e long ing  to  th e  
second r e s e r v o i r  was opened. The second r e s e r v o i r  co n ta in ed  ammonium 
n i t r a t e  a t  th e  same c o n c e n tra tio n  to g e th e r  w ith  n i t r i c  a c id  (u s u a lly  2 M 
or 4 M). In  t h i s  way i t  was hoped to  reduce  th e  phosphate d r i f t  to  a 
minimum by keep ing  th e  breakdown o f th e  complexes a s  low a s  p o s s ib le .
-75 -
The use  o f a s lu r r y  added to  th e  ion-exchange column
The p re v io u s ly  p re p a red  column was lo ad ed  in  th e  fo llo w in g  w ays- to  th e  
f u l l y  aged s o lu t io n  which was to  he in v e s t ig a te d  was added a h a l f  gram or 
sm alle r o v en -d ried  sample o f  2*f> c ro s s - l in k e d  Zeo Karb 225 'tk© H form. 
This m ix tu re  was shaken fo r  two hours on a m echanical shaker and th e n  th e  
r e s in  was s e p a ra te d  from th e  s o lu tio n  by t r a n s f e r r in g  i t  to  a  s in te r e d  
g la s s  c ru c ib le  and th o ro u g h ly  washed w ith  d i s t i l l e d  w ater under p re s su re . 
The r e s in  was th en  t r a n s f e r r e d ,  as a s lu r r y ,  to  the  to p  o f th e  column in  
the  H form where i t  was allow ed  to  s e t t l e  a s  a  compact band. T h is  te c h ­
nique was employed s in ce  th e re  a re  p robab ly  two re a so n s  why abnormal 
CrsPO^ r a t i o s  were encoun tered  in  th e  e a r l i e r  work. The f i r s t  i s  th e  
a c tu a l  phosphate d r i f t  due to  th e  breakdown o f some o f th e  complexes 
sorbed on th e  r e s in ,  due to  th e  environm ent in  which th ey  a re ,  and second 
th a t  i t  i s  p o s s ib le  fo r  u n io n iz e d  phosphoric  a c id  to  be r e ta in e d  in  th e  
r e s in  phase even on pro longed  w ashing. O bviously th e  p o s s i b i l i t y  o f t h i s  
happening i s  reduced  c o n s id e ra b ly  i f  th e  r e s in  sample in  th e  complex form , 
and washed f r e e  from phosphate, i s  lo ad ed  d i r e c t l y  to  th e  to p  of th e  
c a r e fu l ly  p rep a red  column in  th e  H form.
The v a r ia t io n  o f  c o n c e n tra tio n
The th e o r e t ic a l  e x p re ss io n  d e riv e d  to  g ive  th e  c o n c e n tra tio n  i n  th e  m ixing 
chamber a f t e r  a volume V m is. had flow ed out was s
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e
v /v 0
. . . (1 )
See page 25# The th e o r e t ic a l  v a lu e s  o f  th e  c o n c e n tra tio n  in  th e  m ixing
chamber a f t e r  d i f f e r e n t  volumes had passed  out o f  th a t  chamber a re  g iven  in
Table 43 f o r  th e  two v a lu e s  o f V which were u sed  in  the  experim ents ando
fo r  th e  d i f f e r e n t  v a lu e s  o f which were u sed . From work c a r r ie d  ou t by
curve o f c o n c e n tra tio n  a g a in s t  volume d e liv e re d  fo llo w s  th e  th e o r e t ic a l  
curve alm ost e x a c tly  and a c c o rd in g ly  th a t  was n o t v e r i f i e d  in  th e  s e r ie s  
o f experim en ts d e sc rib e d  h e re .
R esu lts
A number o f experim en ts were c a r r ie d  out and an o u t l in e  o f th e  r e s u l t s  i s  
given in  T ab les 42a and b . The s o lu t io n s  s e le c te d  were th o se  o f c o n sta n t 
c o n c e n tra tio n  w ith  v a ry in g  v a lu e s  o f Cr^O^ c o n te n t. I t  was f e l t  th a t  
those  would f u r n is h  th e  most in fo rm a tio n .
B i s s e t t 9 (4)> i t  has been shown th a t  th e  ex p erim en ta l
SECTION F . 
TABULAR RESULTS
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ta ble  8
Phase Diagram Study o f th e  Or^O^ -  ^2^5 ~ ^2^ System 7^'
J*1
S o lu tio n
1 .002
1.013
1.022
1.049
1.061
1.085
1 .1 0 0
1.103
1.120
1.155
1.180
1.265
0 .09
0 .2 4
0.48
1 .43  
1 .87  
2 .39  
3.28 
3 .1 7  
3 .92
5 .4 4  
6.36 
8 .61  
9.09
6.46
1 .07
2 .24
2.90
5 .37
6 .62
8.71
9 .43
9.92
10.49
13.18
14.36
17 .23
17.93
14.13
S o lid
% Cr^O. 
7 .32  
7.90  
8 .15  
9 .43
7 .7 5  
10.27
7 .87  
13.29
6.76
15 .50
9.76  
17.36 
13.25
9*77
11.55
12.28
15.08
13.49 
17.65  
14.70 
21.73
14.03
24.90
18.67
27.72
22.50
# Denotes experim en ts c a r r ie d  o u t a f t e r  a llo w in g  samples to  s ta n d  
a t  70° f o r  12 weeks
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TABLE 9
D esorp tion  o f f C r ( l l l ) ( H 20)^~| from m etal form  Zeo Karb 225
pH c f % Cr removed from  r e s in  by
S o lu tio n H3P04 H2S04 HC1 HNO, HCIO^
1.50 0 .99 0.00 0.32 0.00 -
1 .2 5 4 .1 9 3 .55 1 .97 0.82 -
1 .0 4 - -
•
2.48
1 .00 7 .8 1 17.59 2.50 6 ,l6
0.87 12 .68 - - -
0,75 15.05 25.03
*
15.40 12.52 -
o.6o 24 .5 4 - -
0 .5 4 - - - - 16.30
0.50 26.02 42 .22  ' 31.36 29.06 -
0.25 39.76 67.49 62 .04 58 .44 -
0.08 - 41.66
0.05 46.59 86.18 92.11 89.60 '
\  gm. r e s i n  20 -  50 mesh s iz e  8% c ro s s - l in k e d ,
50 m is, o f a c id  of th e  a p p ro p r ia te  pH. 7 days s tan d in g .
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TABLE 10
D eso rp tion  o f {" C r ( l l l )  p h o sp h a te ! X+ from Zeo Karb 225
i
pH o f % Cr removed from r e s in  by
S o lu tio n H-jP0,3 ' 4 h2so4 HC1 : HN0* 3 HC10,4
1 .50 11.81 7.16 7.47 6 .66 8 .75
1 .25 15.99 13.63 11.92 . 5 .61 13.58
1 .0 0 22.69 18.97 15.83 16.38 19.43
0 .75 41.00 A4.75 29.11 30.70 28.07
0.50 55.40 65.97 51.80 48.57 37.59
0.25 69 .38 82.08 75.38 79 .17 54.08
0.05 76 .77 100.00 97 .44 98.88 58.03
f gm. r e s in  20 -  50 mesh s iz e  &fo c ro s s - l in k e d
50 m is . o f s o lu t io n  of a c id . 7 days s ta n d in g .
R esin  t r e a te d  w ith  a s o lu t io n  c o n ta in in g  :
7.5fo P20 5
1,25# Cr203
91.25$ H20 
Tem perature o f aging : 70°C
Time o f ag ing  : 4  days.
I
i
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TABLE I I
D esorption of Chromium and Phosphate from Zeo Karb 225 by N itr ic  Acid
pH 
o f HN0*j m/moles Cr iy  moles P0^ $  Cr p \ R atio
1 .90 0.007 0.033 3 .8 14 .0 1:4*71
1.25 0.011 0.038 5 .9 16.0 1 :3 .4 5
1.00 0.023 0.058 12.5 24.5 1 :2 .5 2
0 .75 0.046 0,085 25 .2 3 5 .8 1 :1 .8 5
0.50 0.069 0.097 31,9: 53 .5 1 :1 .4 1
0.25 0 .104 0.168 31 .2 70 .7 1 : 1 .63
0.03 0,130 0.196 7 1 .2 82 .7 1 :1 .5 1
1.50 0,175 0.204 96,2 86.0 1 :1 .1 7
1 .25 0.171 0.200 94 .1 84.0 1 :1 .1 7
1.00 0.159 0.179 87 .5 75.5 1 :1 .1 3
0.75 0.136 0.153 74 .8 64.3 1 :1 .1 2
0.50 0.113 0.140 62 .1 46 .5 1 :1 .2 3
0.25 0.078 0.070 42 .8 29.3 1 :0 .8 9
0.03 0.053 0.041 28.9 1 7 .4 1 :0 .7 9
i  gm. sam ples 50 - 100 mesh W ater Regain 0.43
P re tre a tm e n t o f r e s in  -  shaken f o r  1-g- hours w ith  s o lu t io n  c o n ta in in g  :
2 .5 $  P205 0 .3 $  Cr203 97 .2 $  H20
C ontent o f  r e s in  Cr 0.124- m o les /eq u iv . i . e .  0.182 m.moles.
P0, 0 .162 m o les /eq u iv . i . e .  O.238 m.moles.
4
R atio  o f Cr : P0, on r e s in  1 :1 .3 0
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TABLE 12
D esorption of Chromium and Phosphate from Zeo Karb 225 "by N itr ic  Acid
Removed
R eta ined
pH
o f HN0, 
D m/moles Cr m/moles Poj^ #  Cr • P O jV R atio  J|
1 .50 0.015 0.061 4 .6 4 16 .6 1 :4 .10
1 .25 0.029 0.078 - 9 .1 21.3 , 1 :2 .6 9
1.00 0.050 0.110 13.9 30 .7 1 : 2 .20
0.75 0.083 0.155 26 .2 4 2 .2 1 :1 .8 9
0.50 0.120 0.190 38 .2 51.6 1 :1 .5 8
0,25 0.177 0.258 56.1 70 .3 1 :1 .4 6
0.03 0 .224 0.298 71 .1 81 .2 1 :1 .3 3
1.50 0.300 0,307 9 5 .4 83*4 1 :1 .02
1 ,2 5 0.286 0.289 90.9 78 .7 1 :1 .01
1 .0 0 0.265 0.258 84 .1 69.3 1 :0 .9 7
0.75 0.232 0.213 73 .8 57 .8 1 : 0.92
0 .50 0.194 0,178 61 .8 4 8 .4 1 : 0 .92
0.25 0.138 0.109 43 .9 29.7 1 :0 .7 9
0.03 0.093 0.069 28 .9 18 .8 1 :0 .7 5
\  gm. sam ples 50 -  100 mesh W ater Regain 0.43 
P re trea tm e n t o f r e s in  -  s to o d  f o r  7 days w ith  s o lu t io n  c o n ta in in g  : 
2 .5#  P205 0 .3 #  Cr203 31,2% H20
Content o f  r e s in  Cr • 0.240 m o les /eq u iv . i.e .0*J15 m.moles.
P0. 0.280 m o les /eq u iv . i.e .0 .3 6 8  m.moles.
4
R atio  o f Cr:P0, 1 :1 .1 7  4
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TABLE 13
D esorption  of Chromium and Phosphate from Zeo Karb 225 by Ammonium N itra te
m o la r ity pH m.moles 
Cr
MomoleS: 
P04
$  Cr
Cr
R atio  
: P0^
Removed 0.25 2.03 0.068 0.131 32 .7 4 7 .8 1 :■ 1 .9 2
0 .50 1 .97 0 .094 0.173 45 .0 6 3 .4 1 1 1 .8 4
1 .00 1 .98 , 0.112 .0.186 53.3 68.0 1 : 1 .66
2.00 1 .9 8 0.113 0.173 33 .7 63.O 1 : 1 .5 3
R etained 0.25 2.03 0.142 0.143 ' 67 .3 52 .2 1 : 1 .0 0
0.50 1.97 0.116 0.101 55.0 36.7 1 : 0 .87
1.00 1 .98 0.098 0.088 46 .7 32 .0 1 : 0.90
2 .00 1 .98 0.097 0.101 46 .3 36 .8 1 : 1 .0 4
•§■ gm. sam ples 50 -  100 mesh W ater re g a in  0.45 
P re trea tm en t o f r e s in  -  shaken f o r  two hours w ith  s o lu t io n  c o n ta in in g  :
2 .5 $  P205 . 0 .3 $  Cr203 . 97. 2$  HgO
Content of r e s in  Cr 0 .154  m o les /eq u iv . i . e .  0 ,210 m.moles
P0^  0.201 m o les /eq u iv , i . e .  0 .274  m,moles. 
R atio  of Cr : P0, i s  1 : 1 .31
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' TABLE 14
from D e -a c id ite  EF
pH of 
s o lu t io n
* Cr removed from r e s in  by
H,P0.3 4 H2S°4 HC1 hno,....  5 _
HC10.4
1 .50 17.76 2*3.67 59.40 15.40 24.43
1,25 34.79 72.45 92.50 48*59 17.05
1.00 60,48 92.87 94.10 5 7 .1 4 16.05
0.75 83 • 64 98.20 97.50 7 0 .2 4 17.40
0.50 97.53 99.30 100.00 90.20 23.08
0 .25 100.00 100.00 100.00 93.27 27.11
0.05 100.00 100.00 100.00 100.00 33 .8 0
1 gm. r e s in  20 -  50 mesh s iz e  8% c ro s s - l in k e d  
50 mis . s o lu t io n  7 days s ta n d in g .
R esin  t r e a te d  w ith  a  s o lu t io n  c o n ta in in g  1,5% ^ 2^5
1 .2 5 #  Cr203
91.259S h2o
Tem perature o f aging 
Time o f ag ing
70°C 
4■ dp-ys
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TABLE 15
S orp tion  of ^C r(H g O )^  on Zeo Karb 225 (H form)
R esin tim e o f 
c o n ta c t
m.moles 
Cr sorbed
m eq u iv s, p e r 
•J- gm, r e s in
m oles/eq u iv . fo s a tu r a ­
t io n
1 7 m ins. 0.4117 1.29 0.319 95.8
1 15 m ins. 0.4040 1 .26 0,319 95.8 j
1 30 m ins. 0.4057 1.27 0.320 96 .1
1 1 hour 0.3955 1 .25 0.320 96.1
1 2 hours 0.3986 1.25 0.319 95.8 i
1 4  hours 0.4176 1.26 0.331 9 9 .4  -
2 1 hour 0.3685 1.36 0.271 8 1 .4  ;
2 2 hours 0.3709 1.32 0.281 84 ,4
2 4  hours 0.3786 1.32 0.287 86.2  ;
2 8 hours 0.3886 1 .31 0.297 89.2
50 m is . s o lu t io n c o n ta in in g 55*5 P2o5
0 *5% C r20^ 
94.5foH20
R esin  1 40 -  100 mesh •§■ gm. sam ples W eight sw e llin g  1 .98
R esin  2 50 -  100 mesh J  gm. sam ples W eight sw e llin g  0 .43
-85-
TABLE 16
Composition of the saturated C r (lll)  -  phosi 
aged at 70° employed in  the ion-exchange studies.
s o lu t io n % Cr203 *  P2°3 % h2o [Cr_\ m oles/l000gm
[ p o j
m oles/1000 gm.
rP o l / [ Cr! 
^-7 '
it o ± t f  *-2 0 .3 2 .3 97 .2 0.039 0.352 8 .98
1 .0 5 .0 94.0 0.132 0 ,704 5 .3 4
I t 7 l . l l/ 2 2 .0 7 .5 90.3 0.263 1.056 4 .0 1
"10" 3 .5 10.0 86 ,5 0.488 : 1 .408 2.89
"12;j” 5 .0 12 .3 8 2 .5 0.638 1.761 2.68
”15” 7 .0 15.0 78 .0 0.921 2,113... 2 .29
TABLE 16A
Weight /faC ross-
Swelling ■ linking
22.0 In a ll  cases mesh size
11 .1 1% i s  30 -  100 except
5 .4 2%
1 .9 5 b-2/0 k-zfo ( i i )  which is
1 .9 7 hifo(±±) 40 -  100.
1 .1 8%
0.43 20 fo
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S o rp tio n  o f Chromium ( i l l )  and Phosphate from a n15%M s o lu t io n  
by Zeo Karb 225 (H form)
% c ro s s - m,moles in. moles R esin m o les / mole s / R atio
l in k in g Cr found P0^ found c a p a c ity eq u iv .C r equiv.PQ ^ Cr : P0,4
4 g $ ( i i ) 1 .143 1.393 1.345 0.850 1 .184 1 : 1 .39
20 0.148 0.203 1.376 0.108 0.148 1 : 1 .37
Tem perature of ag ing  70°C. Time of aging 4  days.
W eight o f r e s in  0 ,500 gm. Volume o f s o lu t io n  50 m is. 
Time o f c o n ta c t o f s o lu t io n  w ith  r e s in  : 2 h o u rs .
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TABLE 18
S o rp tio n  o f Chromium ( i l l )  and Phosphate from a v12j%u 
s o lu t io n  by  Zeo Karb 223 (H fo rm ).
c r o s s -
l in k in g
m.moles 
Cr found
m.moles
P0, found 4
R esin
c a p a c ity
m o le s /
eq u iv .C r
m o les /
equiv.PO ^
R atio
Cr : P0,A- .
'
1 .243 1.970 0.893 1 .392 2,207 1 ; 1,58*
1 2.196 3.266 1.701 1,291 1.920 1 : 1 .49
2 2 .054 2.926 1.703 1,206 1.718 1 : 1 .42
*4 1 .547 2,180 1.851 0,835 1.177 1 : 1 .40
8 0.887 1.218 1.992 0.445 0.611 1 : 1 .37
20 0.126 0.171 1 .404 0.090 0.122 1 : 1 .35
Tem perature o f ag in g  70°C. Time of ag in g  4  days.
W eight o f r e s in  0 .500 gm.
Volume o f  s o lu t io n  50 m is. pH o f  s o lu t io n  1*12.
Time of o o n ta c t of s o lu t io n  w ith  r e s in  : 2 h o u rs .
* approx. 0,25 gm. of re s in  used .
TABLE 19
Sorption of Chromium ( i l l )  and Phosphate from a u10%"
so lu tio n  by Zeo Karb 225 (H form)
fo c r o s s -  
l in k in g
m. moles 
Cr found
m.moles
P0, found 4
R esin
c a p a c ity
m o les/
eq u iv .C r
m o les /
equiv.PO ^
R atio  
Cr : P0 ‘
~2 1 .4 1 4 1.723 0.892 1.586 1.932 1 : 1 ,2 2 S!
1 2.475 2.890 1,698 1.457 1.702 1 : 1 .17
2 2,208 2.761 1.706 1.295 1.619 1 : 1 .25
h i 1.627 2.139 1 .8 5 4 ; 0 .877 1 .154 1 : 1 .32
8 1.030 : 1 .432 1 .634 0.630 0.876 1 : 1 .3 9
20 0.128 0.176 1.430 ; 0.090 0.123 1 : 1 .37
Tem perature o f ag ing  70°C. Time o f ag ing  j 4- days. 
W eight o f r e s in  0 .500 gm,
Volume o f s o lu t io n  50 m is . pH o f s o lu tio n  1 .1 2 ,
Time o f c o n ta c t  of s o lu t io n  w ith  r e s in  : 2 hou rs , 
♦■approx. 0 .25  gm, o f r e s in  u sed .
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orption of Chromium ( i l l )  and Phosphate from a "lift
% c ro s s ­
l i n k !  ng
m.moles 
Cr. found
Li. moles
P0, found 4
R esin
c a p a c ity
m oles/ 
eq u iv . Cr:
m o les/ 
eq u iv .P 0 ^
R atio  
Cr : P0^
i~2. 0.790 0.981 0.889 0.889 1 .104 1 : 1.12*
1 1 .5 2 4 1.918 1 .7 3 4 0.879 1.106 1 : 1 , 1 4
2 1.492 2.001 1 .824 0.818 1.097 1 : 1 .22
h i 1*272 1.649 1.861 0.684 0.886 1 : 1 .30
8 0.861 1.155 2.003 0.430 0.576 1 : 1 .3 4
20 0.111 0.165 1 .434 0.077 0.115 1 : 1 .49
Tem perature o f ag ing  : 70°C. Time o f  ag ing  : 4- days.
W eight o f r e s in  : 0 .900 gm.
Volume of s o lu t io n  : 50 m is. pH o f s o lu t io n  1 .1 2
Time o f  c o n ta c t o f s o lu t io n  w ith  r e s in  : 2 h o u rs .
* approx. 0.25 gnu of re s in  used.
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TABLB 21
orption of Chromium ( i l l )  and Phosphate from a "5%M 
solution by Zeo Karb 225 (H form)
*
c ro s s - l in k in g
m.moles 
C r.found
m.moles 
P0^ found
R esin  cap .
m*eg n jvs#/ i
M oles/
eq u iv .C r
M oles/ 
eq u iv ,P 0 ^
R atio
Cr : P0.4
1 0.615 0 „ 8b6 0.858 0.717 1.008 1 : 1.41*
1 1.163 1.583 1.658 O.70I 0.995 1 : 1 .36
2 1.312 1.747 1.725 0.760 1.013 1 : 1 .3 3
1.143 1.577 1.825 0.626 0.864 1 : 1 .38
8 0.878 1.199 1.965 0.447 0.610 1 : 1 .37
20 0.130 0.188 1.428 0.091 0.132 1 : 1 .45
Tem perature o f ag ing  : 70°C. Time o f ag ing  : 4  days. 
W eight o f r e s in  : 0.500 gm.
Volume o f  s o lu t io n  : 50 m is. pH of s o lu t io n  1 .19  
Time o f c o n ta c t o f  s o lu t io n  w ith  r e s in  : 2 h o u rs .
* approx. 0.25 gnu o f r e s in  used.
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TAKLE 22
S o rp tio n  of Chromium 
by Zeo
z°
c ro s s - l in k in g
m.moles 
C r.found
ni. moles
K). found 4
R esin  cap . 
m .eg u iv s ./J ;
m o les/
eq u iv .C r
m o les /
equiv.PO^
R atio
Cr : P0, k-
12 0.372 0.520 0.95 0 .394 0.551 1 : 1.40*
1 0.652 0.920 1 .5 4 0 .424 0.597 1 : 1 .41
2 0.790 1.126 1.81 0.436 0.621 1 : 1 .43
h i o. 696 0.920 1.88 0.370 0.489 1 : 1 .32
8 0.470 0,646 2.05 0.229 0.315 1 : 1 .37
20 0.080 0.106 1.36 0.059 0.077 1 : 1 .32
Tem perature of ag ing  : 70°C. Time of ag ing  : 4  days. 
W eight of r e s i n  ; 0 ,500 gms,
Volume o f s o lu t io n  : 50 m is. pH o f so lu tio n  1 .3 5
Time of c o n ta c t  o f  s o lu t io n  w ith  r e s in  : 2 h o u rs .
* 0.25 gm. of re s in  used .
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TABLE 23
S orp tion  o f Chromium ( i l l )  and Phosphate from a w2gffi!
s o lu tio n  by Zeo Karb 225 (H form)
Time of 
oon tao t
% c ro s s -  
l in k in g
m.moles 
C r.found
m,moles 
P0, found
.R esin ,C apacity m o les/eq u iv .C r,
m o le s /
equiv.PO ^
(SR atio  $ 
Cr : PO j
1 hour 12 0.358 0 .504 0.96 0.374 0.526 1
* 1 
1.43i
stand ing 1 0,310 0.445 0 ,68 0 .456 0.655 1 1.43
2 0.799 1.123 1.99 0.401 0.563 1 1 .41
n 4*2 ' 0.583 0.799 1 .8 5 0.315 0*431 1 1.37
H 8 0.366 0,477 2,06 0.177 0.231 1 1 .3 *
t» 20 0,065 0.085 1 .36 0.048 O.O63 1 1.33J
1 hour 12 0.379 0.523 0.92 0.413 0.569 1
* J
1 .3 qs
shaking 1 0.591 0 .814 1 .5 1 0.391 O.466 1 1. 3d
j
»» 2 0.796 I .063 1.98 0.401 0.536 1 1.34j
ft h i 0.834- 1.126 1 .88 0.443 0.599 1 1.35j
It 8 0.622 0.792 2.03 0.306 0.390 1 1 . 27^
tt 20 0.162 0.198 1.37 0.118 0.135 1 : 1 .2 3
Tem perature of ag ing  : 70°C. Time of ag ing  : 4  days. 
W eight o f r e s in  : 0,500 g.
Volume of s o lu t io n  : 50 m is.
* 0.25 gm. r e s in  used.
TABLE 24
Chromium ( i l l )  and Phosphate from  a U2 ^ u
s o lu t io n  by Zeo Karb 225 (H form )
Time of 
co n tac t
% c ro s s -  
l in k in g
m.moles 
C r.found
m.moles
PO, found 4
R esin
C apacity
m o le s /
eq u iv .C r
m o les/
equiv.PO ^
R atio  J
Cr : PO, r......... 4.J.. i
4 hours 1 0.362 0 .504 0.76 0.475 0.661 1
t  i
:  1 . 3 9 I
tt 2 0.882 1.221 1 .99 0 .444 0 .614 1 : 1 .3 8 1
tt 4 i 0.783 1 .0 2 4 1 .8 7 0.419 0.548 1 : 1 . 3 1
tt 4 i ( i i ) 0,483 0.669 1.37 0 .354 0.490 1 : 1 .38
tt 8 0.515 O.698 2.01 0.257 0.348 1 : 1 .5 6 ’ j
H 20 0 .IL 3 0.147 1 .37 0.076 0.107 1 :  1 . 3 1
V# '
\
8 hours 12 0.413 0 .562 0.95 0.432 0.592 1
¥
: 1.36.
ft 1 0.375 0.532 0.76 0.493 0 .700 1 : 1 .4 2
If 2 0 .888 1.226 1.99 0,446 0 .615 1 : 1 . 3 8 I'!
If 4 i ( i i ) 0 .594 0,808 1 .28 0 .464 0.628 1 : 1 . 3 6 ‘ j}
ft 8 0.529 0.718 2 .06 0.256 0.348 1 : 1 .3 6 |
tt 20 0.124 0.162 1 .37 0.091 0.118 1 : 1 . 3 1
j
f
[
Tem perature o f  aging : 70°C Time o f ag ing  : 4  days.
W eight o f  r e s i n  : 0 .500 g.
Volume of s o lu t io n  : 50 m is.
* approx, 0 .2 5  g . r e s in .
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table
,n oi' unromium j i n j  and Phosphate from a "2-Wo" 
s o lu t io n  by Zeo Karb 225 (H form )
■
Time of 
c o n tac t
% c ro s s -  
l in k in g
m.moles 
C r.found
m.moles
P0 . found 4
R esin
c a p a c ity
m o les /
eq u iv .C r
.m o le s /
equiv.PO ^
R atio
Cr : P0.4
16 hour > 20 0.152 : 0 .203 1 .3 8 0.111 0.147 1 : 1 .33
24 hours i 20 0.160 0.209 1.35 0.118 0.153 1 : 1 .30
7 days 1 ' 0.770 0.965 1 .53 0 .504 0.631 1 : 1 .25
tl 2 0.999 1.168 1.99 0.502 0.587 1 s 1 .17
II 4g- 1.056 l c246 1.87 0.565 0,661 1 : 1 .18
II 8 0.953 1.153 2.06 0.462 0.559 1 : 1 .21
II 20 0.339 0.396 1 .33 0.250 0.293 1 : 1 .1 7
Tem perature o f ag ing  : 70c3C. Time o f aging : 4- d ay s .
W eight of r e s in  : 0.500 g .
Volume of s o lu t io n  : 50 m is.
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ta b le  26
S o rp tio n  o f Chromium ( i l l )  and Phosphate from s o lu tio n s
by Zeo Karb 225 (H form )
Time of 
co n tac t
s o lu t io n m.moles 
Cr found
m.moles 
P0^  found
R esin
c a p a c ity
m o les/
equ iv .C r
m o les/
equiv.PO ^ Cr
R atio
: P02l
1 hour "5$" 0.621 0.951 1.26 0.493 0.756 1 : 1 .53
I! 0.873 1.201 1 .3 4 0.650 0.895 1 : 1.38
» ”10$" 1.040 1.440 1 .33 0.780 1.080 1 : 1 .3 8
It "15$” 1.073 1.482 1 .35 0.793 1.102 1 : 1.38
5 hours ”5$” 0.738 1.102 1.26 0.586 0.875 1 : 1 .49
4 hours ”74$” 0.891 1.271 1.35 0.662 0.943 1 : 1 .43
ti "10$ ” 1 .078 1.508 1.35 0.798 1.117 1 : 1 .40
tt "15$" 1.158 1.662 1 .3 4 0.862 1.238 1 : 1 .4 4 -
8 hours ”5$” 0.785 1.119 1.27 0.617 0.880 1 : 1 .42
tt ”74$" 0.956 1.511 1.36 0.706 0.968 1 : 1 .37
tt "10$" 1 .104 1 .524 1 .3 4 0.825 1.139 1 : 1 .38
tt "15$" 1 .170 1.662 1 .3 4 0.870 1.237 1 : 1 .42
Tem perature of aging : 70°C. Time of aging : if days.
W eight o f r e s i n  : 0 .500 g .
Volume o f s o lu t io n  : 50 m is.
C ro s s - l in k in g  o f r e s in  j 44$ ( i i )
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TABLE 27
.on of Chromium ( i l l )  and Phosphate from so lu tio n s
jeo Karb 225 (H form
Time of S o lu tio n m,moles m.moles R esin m o les/ moles R atio
co n tac t Cr found P0. found 4 c a p a c ity eq u iv .C r equiv.PO ^ Cr » P04
7 days "2i f 0" 0.697 0.875 1 .28 0.545 0 .684 1 : 1 .25
14 days "2i%" 0.767 0.917 1 .28 0.598 0.715 1 : 1 .19
7 days "5fo" 0.836 0.996 1 .28 0.652 0.777 1 : 1 .19
14 days "5?o" 0.900 1.057 1 .2 8 . 0.704 0.827 1 : 1 .17
7 days 1.017 1.261 1 .3 4 0.761 0.943 1 : 1 .2 4
7 days H O 1 .219 1.482 1.35 0.904 1.099 1 : 1 .22
7 days "15$" 1.336 1 .684 1.35 0.990 1 .248 1 : 1 .26
1 hour
shaking "7i$" 0.960 1.303 1 .3 5 0.710 0.963 1 : 1 .36
ii "10$" 1.083 1.477 1.38 0.785 1.071 1 : 1 .36
it "15$" 1.109 I .606 1 .35 0.821 1.193 1 : 1 .45
Tem perature o f aging : 70°C. Time o f aging : A days
W eight of r e s i n  ; 0.500 g .
Volume o f s o lu t io n  : 50 m is.
C ro ss-lin k in g  of re s in  :
S orp tion  o f Chromium ( i l l )  and Phosphate from a n2 ^ n
so lu tio n  by Zeo
Time of 
co n tac t
% a ro s s -  
l in k in g
m*moles : 
C r,found
m.moles
P0, found b
R esin
c a p a c ity
2 hours *4 0.578 0.798 2.06
tt 20 0.081 0.112 1.62
8 hours 44 o, 665 0 .% 0 2.06
tt 20 0.126 0.161 1 .63
W eight o f r e s in  ; 0,500 g .
Volume o f s o lu t io n : 50 mis
m oles/
equ iv .C r
m oles/
equiv.PO,H*
R atio
Cr s P0,b
0.281 0.388 1 : 1.38
0.050 0.069 1 : 1 .33
0.323 0.457 1 : 1 . 2*1
0.078 0.099 1 : 1 .27
pH o f s o lu t io n : 1.31
TABLE 28b
C onversion of Zeo form) to  H
Time o f 
c o n ta c t
% c ro s s -  
l in k in g
Resin* H io n 5' 
C apac ity
% C onversion 
o f  Na"“* H.
2 hours 4 i 1.90 1.145 6 0 ,4
tt 20 1.60 0.898 55 .7
8 hou rs h i 1.89 1.151 61.1
11 20 1.58 0.936 5 9 .4
# in  m .e q u iv s ./p e r  -g- gm.
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t a b le  29
from a M
s o lu tio n  a f t e r  s ta n d in g  w ith  Zeo Karb 223 fo rm ).
Time o f 
contact;
% c ro s s -  
l in k in g
m.moles 
Cr found
m.moles 
P0, found
Be s in  
c a p a c ity
m o les/
equ iv .C r
m o les /
equiv.PO ^
B atio  1 
Cr : P 0 j
1 hour h i 0. 465 0.687 1.87 0.22f8 O.366
I
1 ; 1 .48
2 hours h i 0.519 0.756 1.81 0.287 . 0.418 1 : 1 .46
A hours h i 0.668 0.950 1.89 0.354 0.503 1 : 1 .42
8 hours h i 0 .724 1.018 1 .88 0.385 0.540 1 : 1 .41
2 hours 20 0.090 0.138 1 .34- 0.067 0.103 1 ; 1 .53
Tem perature o f ag ing  : 70°C. Time o f  ag ing  
Tem perature of s tan d in g  : Boom Tem perature 
Time of s tan d in g  : 5 weeks.
W eight o f r e s in  i 0 .500g.
Volume o f  s o lu tio n  : 50 m is.
if days.
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TABIdE 30
Com position of th e  u n s a tu ra te d  Chromium ( i l l )  and Phosphoric  
Acid m ix tu res  aged a t 70° and 100°C. employed in  the  io n
mge stuc
S o lu tio n $ C r2 0^ f°P2° 5
o
CM E C r] 
moles/lOOOgm,
K l
moles/100Ogm
N /
, 4 c
1-5 0.3 5 .0 94.7 0.039 0 .704 17 .96
1-10 0 .3 10.0 89.7 0.039 1.408 35.90
1-15 0 .3 15.0 84.7 °.039 2.113 53.88
5-15 1 .5 15 .0 83.5 0.196 2.113 10 .78
10-15 3 .0 15.0 82.0 0.392 2.113 5.39
15-15 4 .5 15.0 80 .5 0.588 2.113 3 .59
20-15 6 .0 15 .0 79 .0 0 .784 2.113 2.69
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TA BLE31
and Phospha te  from so lu tio n s  of
c o n s ta n t Cr,.!),
% c ro s s -  
l in k in g
s o lu t io n
i
m.moles 
Cr found
m.moles
P0, found 4
R esin
c a p a c ity
m o les/
equ iv .C r
m o le s /
equiv.PO ^
R atio
Cr : P0, 4
1 1-5 0 .424 0.600 1.71 0.248 0,351 1 : 1 ,42
h i 1-5 0.404 0.590 1 .8 7 0.216 0.316 1 : 1.46;
20 1-5 0.073 0.088 1 .46 0.050 0.060 1 : 1 . 20|
1 1-10 0.151 0.235 1 .71 0.089 0.138 1 : 1 .55
14 1-10 0 .174 0.275 1 ,8 2 0.096 0.151 1 : 1.58j
20 1-10 0.038 0 .044 1.46 0.026 0.030 1 : 1 .17
1 1-15 0.066 0.118 1 .73 0.038 0.068 1 : 1 .80
h i 1-15 0.098 0.139 1.82 0 .054 0.076 1 : 1 .40
20 1-15 0.020 0.025 1 .4 1 0 .014 0.018 1 : 1 .25
Tem perature o f ag ing  o f s o lu t io n  : 70°C 
Time of ag ing  : 4  days*
W eight o f r e s i n  : 0*500 g .
Volume o f s o lu t io n s  : 50 m is .
Time of c o n ta c t o f  s o lu t io n s  w ith  r e s in  : 2 hours s tan d in g
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■omium ( l l l l )  and from s o lu tio n s
o f  c o n s ta n t 1 ^ 5  c o n ten t by Zeo Karb 225 (H form)
% c ro s s -  
l in k in g
S o lu tio n m.moles 
C r.found
m.moles
P0, found 4
R esin
c a p a c ity
m o les/
equ iv .C r
m o le s /
equiv.PO ^
R atio  
Cr : P0^
h i 5-15 0.435 0.724 1.90 0.229 0.381 1 : 1 .66
8 5-15 0.352 0.515 2.00 0.176 0.257 1 : 1 .47
10-15 0.800 1 .204 1.85 0.433 0.651 1 : 1 .50
8 10-15 0.632 0.909 2.02 0.313 0.451 1 : 1 .4 4
Ifg 15-15 1.132 1.611 1.90 0.596 0.848 1 : 1.42
8 15-15 0.856 1.218 1 .98 0.432 0.615 1 : 1 .42
b-i 20-14 1.521 2.036 1 .90 0.801 1.073 1 : 1 .3 4
8 20-15 1.018 1.3^3 1.99 0.510 0.683 1 : 1 .3 4
Tem perature o f  aging i 70°C. Time of aging ; 4  days 
Freight o f r e s in  : 0 .500 g .
Volume o f s o lu t io n  : 50 m is.
Time of c o n ta c t  of s o lu t io n s  w ith  r e s in  : 2 hours s ta n d in g .
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Sorp tion  of Chromium ( i l l )  and Phosphate from so lu tio n s
of constan t Po0,- co n ten t by Zeo Karb 225 (H form)
fo c ro s s -  
l in k in g
S o lu tio n m.moles 
Cr. found
m.moles
P0, found 4
R esin
c a p a c ity
m o les/
equ iv .C r
m o le s / 
equiv P0^ Cr
R atio  
•• pok
2 5-15 0 .514 0.844 1.78 0.288 0 .474 1 1 I .6 4
2 (wash) 5-15 0.087 0.232 1.78 0.049 0.130 1 i 2 .67
8 5-15 0.342 0,504 1 .9 4 0.176 0.260 1 : 1 .47
‘ 2 10-15 0.847 1 .334 1 .74 0.486 0.765 1 : 1 .58
2 (wash) 10-15 0.146 0.313 1 .7 4 0 .084 0.179 1 : 2 .15
8 10-15 0.629 0,926 1.95 0.323 0.475 1 : 1 .47
2 15-15 1.262 ' 1 .979 1.83 0.689 1.081 1 : 1 .57
2 (wash) 15-15 1 .234 0.512 1 .8 3 0.128 0.280 1 : 2.19
2 20-15 2.091 2.816 1.72 1.212 1.633 1 : 1 .35
2 (wash) . 20-15 0.231 0.756^ 1 .72 0 .134 0.43S 1 : 3 .27
8 20-15 1 .007 1.377 1 .97 0.511 0.698 1 : 1 .37
8 (wash) 20-15 0.082 0.206 1 .97 0.042 0.104 1 : 2 .51
Tem perature of aging : 101°C. Time of ag ing  : 12 hours
W eight o f r e s in  : 0.500 g .
Volume of s o lu tio n  : 50 m is.
Time of c o n ta c t of s o lu tio n s  w ith  r e s in  : 2 hours s ta n d in g .
*deno tes some chromium sp e c ie s  removed on w ashing. Washings c o l le c te d
and an a ly sed .
-103-
TABLE 34-
o m i o n  o rom a 2W0 s o lu tio n
moles of Cr so rbed  a f t e r  a tim e o f c o n ta c t o fForm o f 
r e s in
48 hours
CIO 0.0000.000
0.026NO
0.0730.041
0.062 0,116 0,2820.094
0.172 0.2150 .1200.099
0.2050.1590.1270 .114
0.2670,226 0.3380.215CO
Tem perature o f  ag ing  : 70°C. 
W eight of r e s in  : 1 .000 g . 
Mesh s iz e  : 20 -  50« 
C ro s s - l in k in g  : 8%
Time o f aging : 4  days.
TABLE 35
Separation  o f  d a tio n ic , an ionic and n e u tra l comt
C ati6 n ic Anionic T o ta lN eu tra l
Expt. | m.moles ? m.moles m,moles m.moles Im.moles(m.moles m .molesjm .moles
Cr fo u n d ; PO, foundA_ Cr found PO, foundfC r fn d , jPO, fnd , Cr fn d . >P0,fnd,
I j 2 .65 j 4 .0 1 j 0 .72
I I 3 . 17 ; 5 .30 10.42t
I I I 2.30 | 3 .78 | 0 .21\
iy I 2.19 [ 3 .61 ;o .3 5
4
0^.45 22.31 3.82 | 33.23
j o . 16 23.93 3.75 0H•fO>N-X
io .51i 22.29 3.02 ;32.071
{0.39 20.28 2.93 ;30.15
KA
I 6 .91
j 3 .8 7  
I[6.00 
1 6 .26
* Owing to  th e  v a s t  excess of phosphate , most o f i t  appears i n  th e  
e f f lu e n t  a lth o u g h  i t  i s  a n io n ic .
EXPT.I 25 ml. p o r t io n  o f th e  f u l l y  aged s o lu t io n  d i lu te d  e ig h t  tim es and 
lo ad ed  a t  th e  r a te  o f 100 m is, p e r  hour i n  th e  o rd e r o f c a t io n  exchange column 
f i r s t ,  an io n  exchange column second. Anion Exchanger in  t h e  n i t r a t e  form . 
EXPT.II 25 m l. p o r t io n  o f th e  same aged s o lu t io n  d i lu te d  10 tim es and lo ad ed  
a t  50 m is ./h o u r . Same o rd e r  of column arrangem ent. Anion Exchanger in  th e  
su lp h a te  form .
EXPT.III and IV A pproxim ately equal volumes o f  aged s o lu t io n  were shaken 
w ith  ex cess  D e -a c id ite  FF i n  the  b ic a rb o n a te  form  f o r  5 m inutes and 1 hour 
r e s p e c t iv e ly .  The rem aining s o lu t io n  and w ashings b e in g  p assed  th rough  
th e  c a t io n  exchange column.
TABLE 36a.
epara-cion 01 u a t io n ic  uomojiexes 0 rom iu
s o lu tio n s  a t  70°C
In  S o lu tio n T o ta lC a tio n ic
Solution*; 
No. |
2^
5
7 i  
10 
122 
1-5  
1-10  
1-15 
5-15 
10-15
15-15 
20-15
m.moles • m.moles j m .m oles\ m.moles ; 
Cr found-P0^ fo u n d |C r found |P 0^ fo u n d :
0,302 | 0.493 
1 .039 f 1.712 
1 .061 \ 1.746 
2.219 1 3.611
1 .2 5 4  i 2.016 
0,263 j 0.465 
0 .1 7 4  : 0 .361 
0 .170 | 0 .354  
0.598 i 1 .127 
1.252 | 2 .275 
2.480 I 4 .453
t
3 .935  i 6.249
m.moles { m .m oles;
Cr found |P0 , found 4
3.9170.3990.097 3.425
1.3794.451
4.4811.500
0 .394i 0 .131 5.501
12.6600.3490.174 12.299
24. I l 6 24.4700 .434
12.6661.08611.540
1.2.9620.919 10.687 2.171
514.031 i
13.7487 .499
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S e p a ra tio n  o f C a tio n ic  Comple
s o lu t io n s  a t  7 0 ° C .( i i
Remainder
[ p o . l
I n i t i a l  so InR esinC ati om c
S o lu tio n  > % Cr \ % 
S a tu ra ted !
2g ; 75 .6  > 12 .6  j 1.63  i
)
35 .1 | 8 .98
5 ! 7 6 .0 1
j
21.5j\ 1 .6 5  5 1 9 .1
|
1 5 .3 4
i
-71 S<2 I 77. 0 1 28* 2 j 1 .65  1 14 .0 { 4 .0 1
10 ;i 8 5 .5  j 43.5( 1 .63  ;* 1 2 .4 I 2 .89
i 2i  ■1 83 .6  ji
4 5 .of
i
1 .6 1  :f 10 .0 i 2 .68i
U n sa tu ra ted  
1-15 ;
|
39 .3  j 1 .5  | 2 .08  I 91*3
j
j 53.88
1
1-10 :
1
50 .0  j 2 .9  j 2 .07  ; 70 .7 ; 35.90
1 -5  i 66 .7  !| 7 .8  j 1 .77  I 4 2 .0 I 17.96}
5.15 ; 55 .1  j 8 .9  j 1 .88  i 23.7 K-J O • CO
10-15 | 5 7 .7  j 1 7 .6 | 1 .8 2 1 1 .6 r  5 .39
15-15 ; 74*6 | 3 1 .7>{
%
1 .80  | 11 .3 1 3 .5 9\
20-15 84 .8  | 45 .5! 1 .5 9  | 10 .6 1 2 .69
f C a tio n ic  I In  S o lu tio n  3 \ T o ta l
i~- —-— I—  f — ------------:---- \ —  ---------- r ——“—■— — f--------------*—i f f  I  ^ r * f[S o lu tio n  jm.moles f rn.moles r m.moles j m.moles j m,moles \ rn.moles 1
j ?:Cr foundjPO^ found J Cr foundjPO^ found j Cr found j PQ^ found J
5-15 } 0 .623  I 1.273 j 0.439 11.550 i 1 .063 !i
12.860
10-15
- ! 
j 1 .923 j 3.617 | 0 .343 9.402 2.266 | 13.019
15-15
| ! 
2 .6 o6 !I 4 .443 | 0 .677 9.796 3.283 j 14.239
20-15 | 1 .5 1 4  1 2.601 ! 0 .238 2,681 1.752 | 5.281
f I n i t i a l  so lnC a tio n ic R esin
S o lu tio n ; % Cr j % PO
CrJ
26 .358.6 2.0410 .2
1.8827.810-15 2 7 .4 5 .39
3.597 9 .4 1 .7031 .2
2.698 6 .4 11 .320-15 1.72
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omatography ( 1 ) S e p a ra tio n  o f mixed unaged and
aged s o lu t io n  (70°
F u lly  aged s o lu t io n Mixed s o lu t io n
No,
1
2
3
4
5
6
7
8
9
10 
l l
r13
j l4
(I13
I16I1?
I
18
i.moles 10 m l,f r a c t io n s rn.moles •
r  found
... .
No. Cr found i
0 .00 1 0.00 j
0 .00 2 0»00 < Com position
I o f
0 .02
3
0*01 ; S o lu tio n .
0.40 0 .2 4  \p>2o 7 .5  ;
0 .57 5
\
°>56 >&r203 1 .25  :
0 .46 ° * 28 i$Ho0 91.25 !
0 .25 7 0.27
0.16 8 0 .28  |
0 .07 9 0 .38
0 .05 10 0 .47  i
0 .0 4 11 0.20 ;
0 .05 12 0 .1 4  j
0 .02
»
0 .11  5:
0 .02 14 0 .08  jj
0.02 15 0 .0 4
0.01 16 0 .02  :
0 .01 17 0 .02  |
0 .01 18 -
hpgfo c ro s s - l in k e d  Zeo Karb 225 (H fo rm ). Column s iz e  2 x  25 cms.
E lu tin g  ag en t 2M HNO.
TABLE 39
11 b e u a r a - G i o n  01  c o m p l e x e s  i r o m
a t  70°G.sojLU-uion
I10 m l,f r a c t io n I  rn.moles 
I No, iCr found x 10
; 10 m l,f r a c t io n !  rn.moles j
; No, jCr found x 10 \
0.01 0 .19
0.03 0.24
0 .10 0 .2 2
0.23 0.23
0,600 .91 21
2,16 1 .0522
0.97
2.60 0.82
0.7110
0.8911 0.30
0.63 0.28112
0 .220.39
0.17
0.15
1 s t  s e p a ra t io n  ach iev ed , c ro s s - l in k e d  Zeo Karb 225 (H fo rm ).
Column s iz e  2 x  25 cms. E lu tin g  agen t 0 ,25  pH HNO .^
Volume o f s o lu t io n  tak en  : 20 m is.
Com position o f  s o lu tio n  : 7*3$ '^2^5 1»25^S 91 .25^ H^O.
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TABLE 40
Ion Exchange
d r i f t " aged s o lu tio n  a t 70°C.
11
12 
j3
%
P
(6
h
\q
b
jlO 
i n  
12 
\15 
|14  
ii5. 
116
117
118 
'19 
: 20
s tr e n g th  o f i rn.moles } rn.moles R atio
e lu t in g  agen t I Cr found* PO^ found Cr : PO, k-
pH 1
1
tr
\
OO.O 0 .577 1 I 9 2 . 3
u i 0 .015 if \ 0.160 1 10 .7
11 | 0.015 1 0.215 1 14.3
11 | 0 . 046 | 0.162 1 3 .5
11 i 0.034 I
\ ( 0.110 1 3 .2
>1 j 0.002 j 0 .278 1 139.0
pH 0 .5 I 0.030 | 0.177 1 5 .9
11 * \ 1 0.083 1i i 0.248 1 3 .0
it j 0.036 j 0 .294 1 8 .2
pH 0.25 \ 0.189 1 
{ \ 0.343 1
1.81
0 . 64H ! 0.732 S1 1.177 1 1 .6 1
0 . 6 ^ ; 0 .156 j 0.277 1 1 .78
0.80N ! 0.101 | 0.372 1 3 .68
0.96N [ 0.240 | 0.665 1 2 .77
1.92N 1 0.460 ■ 0.626 1 1.36
1.92N j 1.112 ; 1.240 1 1 .1 2
1.92N |  1.277 | 1 .075 1 .19 1
1.92N I 0.482 i 0 .504 1 1 .05
3 .8 W 1 0 l 7 1 3  ! o . 646 1 .10 i
3.84N I 0 .604>‘ __. i 0.503
1.20 1
hf^ fo c ro s s - l in k e d  Zeo Karb 225 (H fo rm ). Column s iz e  1 .2  x 50 cms
7*5% P205 
1 .2 5 fo  Cr2 03
E lu tin g  ag en t HNO  ^ Com position of s o lu t io n  $ ^ ^
5 m is, s o lu t io n  used
Column washed f r e e  o f phosphate
91.25% HgO
TABLE 41
Ion Exchange Chromatography fiy)Chromatograms. Early res
F ra c tio n  
250 ml.
No.
Complex
No,
S tre n g th  oi
e lu t in g
ag en t
rn.moles 
Cr found
rn.moles
P0, found 4
R atio
Cr 1 P0, 4
1 and 2 Cat 1 pH 1 0,287 0.638 1 : 2 .2
3 C at 2 pH 0 .25 0.143 0.156 1 : 1 .09
5 Cat 3 pH 0*25 0,301 0.355 1 : 1 .18
6 Cat 4 2M 1.095 0.719 1 .52  : 1
7 and 8 Cat 4 31 0.553 0.353 1 .57  s 1
3 An 1 pH 0 ,5 0.132 0.253 1 : 1 .92
4 An 2 2M 0.422 0*510 1 : 1 .21
4g$ c ro s s - l in k e d  Zeo Karb 225 (H form ).
Column s iz e  1*2 x 50 cms.
E lu tin g  agen t HNO^  Com position o f  s o lu t io n  :
7,5?c£>205 3-25?cCt 2°3  9 1 .2 5 ^ 2 °
25 mis* s o lu tio n  u sed . Rate of flow  50-55 m is, p e r  h o u r. 
S o lu tio n  su b seq u en tly  passed  th rough D e -a c id ite  FE (S0^ form )
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TABLE A2a
Ion Exchange -  G-radient e lu t io n ,
E lu c id a tio n  o f Com dexes ( i
S o lu tio n Complexes # . 
Vo.
C * 1 . m,moles rn.moles R atio
tak en 8 5fl«on NV IQ3 HNO^ Cr found P0, found =' Cr : P04
1 - 1 5 C 1 500 mis 1 N - 0 .054 0.109 1 : 2 ,02
5 - 1 5 C 1 575 " 0 ,66  N - 0.196 0.406 1,1 2.07
C 2 it 0 .66  N - 0.077 0.111 1 : 1 .45
G 3 it 0 .66 N 4  N 0.065 0.088 1 : 1 .36
10 -  15 C 1 580 " 0.66 N - 0.182 0.364 1 : 2.00
C 2 it 0 .66  N - 0 .138 0.201 1 : 1 .46
C 3 it 0 .66  N - 0.112 0.156 1 : 1 .38
C 4 ti 0,66 N 4  N 0.049 0.060 1 : 1 ,22
c 7 n - 8 M 0.101 0.051 1 .99  : 1
2fo c ro s s - l in k e d  Zeo Karb 225 (H form ), Column s iz e  1 .2  x  33 oms.
E lu tin g  ag en ts  ( i )  NH^NO^. (x i)  NH^NO^, HNO^  m ix tu re .
R esu lts  a re  g iven  only  o f th e  main p o r t io n  o f the  e lu te d  complex,
■g- gm, sam ples o f r e s in  shaken w ith  10 gms, o f f u l l y  aged s o lu tio n  f o r  2 h o u rs , 
washed phosphate  f r e e  on a s in te r e d  g la s s  c ru c ib le  and lo ad ed  as  a  s lu r r y  
on to  th e  p rep a red  column in  - the H form .
See e q u a tio n  on page 27.
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TABLE 42b
maxoera -  u raa ien x  ej-uxion.
E lu c id a tio n  of Complexes ( l i
S o lu tio n Complexes ci rn.moles rn.moles R a tio
tak en in  o rd e r  of 
e lu t io n
V o * NH. NO. 4  3 hno7 Cr found PO, found 4 Cr : PO.4
15 -  15 . c i 5SjO mlb  o .6 6 m - 0 .073 0.179 1 : 2 .47
C 2 tt o .6 6 m - 0 .071 0.102 1 : 1 .45
if c 3 it o .6 6 m - 0 .038 0.050 1 .• 1 .3 3
if C 4 n o .6 6 m 4N 0.106 - 1 : 1 .2 5 +
if C 5 it o .6 6 m 4N 0.144 0.160 1 . :  1 .12
ft C 6 ii o .6 6 m 4N 0.150 0.152 1 : 1 .01
20 -  15 C 1 580 ioils 0.66N - 0.032 0 .064 1 : 1 .99
it • C 2 n 0.66N - 0.087 0.140 1 : 1 .61
it C 3 ii 0.66N - 0.026 0.035 1 : 1 .33
it C 4 it 0 . 66m km D I D N O T  A P P E A R
it C 5 it 0.66N km 0.258 0.295 1 : 1 .1 4
i t C 6 it o  .66m km 0.177 0.178 1 : 1
As f o r  T able 42a 
+ by in fe re n c e .
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TABLE 43
Ion Exchange Chromatography -  Gradient elution . 
Calculated Values of concentration
Vo
mis
Volume
delivered
C when 
G1 = 0 .66
C when 
C1 = 1 . ON
C when 
^  = 4 .  ON
500 62 ,5  m is. 0.075 0.113 0.452
ii 125 m is. 0 .146 0.221 0.88
it 250 m is. 0 . 2&0 0.394 1 .58
ii 375 m is. 0.348 0.528 2.11
it 500 m is. 0.4L7 0.632 2.53
ii 625 m is. 0.471 0.713 2.85
it 750 m is. 0 .513 0.777 3 .11
» 1000 m is. 0 .571 . 0 .865 3*46
goo 60 m is. 0.059 0.092 0.368
n 120 m is. 0.120 . 0 .181 0.724
1! 240 m is. 0.220 0.330 1 .32
11 360 m is. 0.300 , 0 .450 1 .78
11 540 m is. 0.391 0.593 2.37
11 750 m is. 0 .471 0.713 2.85
11 900 m is. 0 .513 0.777 3 .11
11 1200 m is. 0 .571 ■ 0.865 3 .46
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SECTION Ao 
PHASE DIAG-RAM RESULTS
The chromium ( i l l )  phosphoric  a c id  system  a t  70°C, has "been s tu d ie d  
f o r  th e  range o f s o lu t io n s  ex tend ing  up to  66%> o f phosphoric  o x id e , i . e .  
in  t h a t  re g io n  o f th e  system re a d i ly  s tu d ie d  by th e  use of Analafi. syrupy 
phosphoric  a c id . Samples c o n ta in in g  more th a n  20$ (app ro x im ate ly ) con­
s i s t e n t l y  assumed a g e l - l ik e  appearance and subsequent f i l t r a t i o n  r e s u l t e d  
in  th e  i s o l a t i o n  of one phase on ly .
Comparing th e  r e s u l t s  of th e  phase diagram  a t  70°C, w ith  th o se  
o b ta in e d  by Jameson and Salmon ( l )  f o r  th e  same system  a t  40°C. (See 
E ig s .^an d  1 2 ), i t  may be seen th a t  th e  system  i s  com ple te ly  a l t e r e d .
The s o l id  phase over the  range f o r  which r e s u l t s  have been o b ta in e d  
i s  a l i g h t  g reen  amorphous f lo c c u le n t  p r e c ip i t a t e .
The p a r a l l e l  t i e  l in e s  cou ld  be due to  one o r more of th e  fo llo w in g  
rea so n s  i
(1) M etastab le  e q u i l ib r i a .
(2) S o lid - s o lu t io n s  fo rm atio n .
(3) O ccurrence o f a s o l id  phase Cr^Oy ^ ° 3  x  H2° whicl1 has
adsorbed  more o r l e s s  phosphoric  a c id  acco rd ing  to  th e  com position
of th e  l iq u id  phase .
(4 ) The s o l id  phase i s  a c tin g  as an ion-exchange m a te r ia l .
r-
<r
In  th e  system  'Fe^Oy ^ 2^5* ^ 2^ ^ ° ^  Cameron an<^  B e ll  ( 2) ,  C a r te r  and
H artshorne  ( 3 ) and Salmon(4-) found s im ila r  t i e  l i n e s  which p e r s i s t e d  up !
to  20% of phosphoric  oxide b u t l a t e r  work by Jameson and Salmon (3 ) showed 
th a t  such t i e  l i n e s  were b u t one o f a number o f s ta g e s  t h a t  th e  system  j
went th rough  b e fo re  s ta b le  e q u ilib r iu m  was a t ta in e d .  However, th e  tim e 
tak en  to  reach  e q u ilib r iu m  a t  25°C, was some 10 -  15 weeks a f t e r  th e  e x p e r i-  I
ment was commenced. In  th e  p re s e n t work th e  su sp en sio n s  were s t i r r e d  ji
f r e q u e n t ly  and i t  m ight be assumed th a t  a t  70°C. e q u ilib r iu m  would be j!
reach ed  much more r a p id ly .  The f a c t  th a t  two s e r ie s  o f tu b e s , a n a ly sed  !|
a f t e r  w id e ly  d i f f e r in g  p e r io d s , gave s im ila r  r e s u l t s  and a smooth s o l u b i l i t y  j
iso th e rm  must be in te r p r e te d  as im plying th a t  e q u ilib r iu m  had in  f a c t  been j
a t t a in e d .  j
( 2} The fo rm atio n  of s o l id  s o lu tio n s  between th e  g reen  t e r t i a r y  phosphate  
and one o r more a c id  com ponents.
The system  has p a r a l l e l  t i e  l in e s  betw een th e  l im i t s  o f 1 : 1 and 1 : 1 ,5  
f o r  th e  mole r a t i o  Cr^O^ : an<^  over t h i s  range the  s o l id  phase does
n o t co rresp o n d  to  any s to ic h io m e tr ic  compound. S o lid  s o lu tio n s  have been 
c l a s s i f i e d  by Roozeboom (6) as be in g  o f f iv e  d i f f e r e n t  ty p es  where th e  
system  c o n s is ts  o f two s a l t s  and w a te r . Three o f th e  f iv e  ty p e s  a re  con­
cern ed  w ith  com plete m is c ib i l i ty  o f th e  s o l id  components and th e  o th e r  two 
r e f e r  to  system s in  which th e  m is c ib i l i ty  i s  incom plete  and i n  which th e re  
a re  alw ays two s e r i e s  o f s o l id  s o lu t io n s .  He d is t in g u is h e s  betw een each 
of th e  f iv e  by means o f th e  s o -c a l le d  "Roozeboom" diagram , which i s  a  p lo t
F lC  13 ROOZE.&OOM DIAG RAM S FOR,
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o f  th e  % A i n  l i q u id  ( ig n o r in g  w a te r c o n te n t ,( i . e .  x 100%)where
A and B a re  th e  two s a l t s  concerned) a g a in s t  % A in  s o l id ,
F igs,13A  and B g ive ' th e  Roozeboom diagram f o r  each o f th e  f iv e  types of
s o l id  s o lu t io n s  and the  curve be in  F ig , 13D g iv es  th e  diagram  f o r  th e
p re s e n t r e s u l t s  where we have B= Gro0 , A = Po0c . These r e s u l t s2 3 2 3
in d ic a te  t h a t  th e  p re sen t system can n o t be d e sc rib ed  in  t h i s  way,
(3 ) T hat a s o l id  phase Cr^O^ . ^ 2^5 x ^2^ ^ as a ^so r^ e ^ more o r l e s s
A s ix th  type  of s o l id  s o lu t io n  n o t in c lu d e d  in  th e  above c l a s s i f i c a t i o n  
has been  d e sc rib ed  by R ic c i (7 ) in  which th e  s o l id  s o lu t io n  i s  o f v a ry in g  
com position  w ith  th e  v a ry in g  com position  of th e  l iq u id  w ith  which i t  i s  in  
e q u ilib r iu m . When p lo t t e d  on a Roozeboom diagram  i t  has th e  shape as 
in d ic a te d  in  curve uvw xyz in  Fig,13C . Thus w h ile  th e  p re s e n t r e s u l t s
have a c e r ta in  resem blance to  t h i s  s ix th  type of s o l id  s o lu t io n , i t  does 
n o t appear to  be th e  com plete e x p la n a tio n . C a r te r  and H artshorne (3 ) 
i n t e r p r e t  the  p a r a l l e l  t i e  l i n e  system  in  the H^ O system  by
assum ing th a t  th e  compound F^O^P^Oj-.x H^O adsorbed  more o r l e s s  a c id  
acco rd in g  to  th e  c o n c e n tra tio n  in  th e  l i q u id  p h ase . I f  such a d so rp tio n  
i s  p ic tu r e d  as  be ing  p h y s ic a l i t  would depend on the  su rface  a re a  o f th e  
s o l id  and i t  i s  d i f f i c u l t  to  see how th i s  would c o n s is te n t ly  le a d  to  
p a r a l l e l  t i e  l i n e s ,
(4 ) T he system  i s  a c tin g  as an ion-exchange
Jameson and Salmon (5 ) in te r p r e te d  th e  p a r a l l e l  t i e  l in e s  o f th e
Fe^O^.P^O^.H^O system  a t  25°C. as be ing  due to  th e  f a c t  t h a t  H ^ f Fe(P 0^)^ j
which s e p a ra te d  o u t i n i t i a l l y ,  a c ted  as a c a t io n  exchanger, T hat, as 
the  com position  o f th e  l i q u id  in  c o n ta c t w ith  th e  s o l id  changed so the  
hydrogen io n s  co u ld  be exchanged f o r  f e r r i c  io n s  o r f o r  complex f e r r i c  
phosphate c a t io n s .
The p re s e n t  system  co u ld  be in te r p r e te d  i n  a s im ila r  manner. The 
r a t i o  o f Cr^O^ : P^0^ i . e .  o f Cr : P0^ in  th e  p re s e n t system  of the  s o l id  
m a te r ia ls  l i e s  betvfeen 1 : 1 and 1 : 1 .5  and an  exchange p ro c e ss  u s in g  th e  
complexes which have a lre a d y  been i s o la te d  co u ld  be en v isaged  as fo llo w s ;
& rHP04 ! 3  l Cr(PV 2 l  ^  fCr(H2P04 )S 3 [ Cr(P°4) j  2
> 5 : 7Cr: PO4 4
r*
Cr(H2P04 ) 2]  3  j_Cr(P04 )2
1 : 2
o r p o s s ib ly  :
Cr(HP04 )3 , 3 Cr(HP04 )3 I Cr(H2P04) 
5
Cr(HP04) 3
Cr(H2P°4)2j  3 
4 i 9
Cr(HP04 ) 3
The r a t i o  o f Cr : PO, in  the s o l id  phase be ing  in f lu e n c e d  by th e re
4
b e in g  p re s e n t  a  m ix tu re  o f th e  p o s s ib le  c a t io n s  in  c o n ju n c tio n  w ith  th e
r  f  Ian ions j^ C ^ P O ^ g j and ^Cr(HPO^)^ j •
-1 2 0 -
But th e re  seem to  be two good reaso n s why t h i s  e x p la n a tio n  i s  
p ro b ab ly  n o t com ple te ly  c o rre c t*
( i )  The marked d if fe re n c e  in  th e  n a tu re  o f th e  phase 
diagram  a t  40°C. and a t  70°C. p robab ly  im p lie s  t h a t  th e
p o s s ib le  s o l id  phases as suggested  f o r  the  system a t  40°C. a re  no t those  
t h a t  e x i s t  a t  70°•
( i i )  The knowledge th a t  th e  io n  exchange d a ta  a t  70° i n f e r s  th e  
e x is te n c e  o f  o th e r  complexes a p a r t  from th e  sim ple m ononuclear ones used 
i n  th e  above p ic tu r e ,
A re c e n t  n o te  by Kraus and P h i l l ip s  (8) su g g es ted  th a t  th e  p re ­
c i p i t a t e  r e s u l t in g  from  th e  a d d it io n  of phosphoric  a c id  to  a zirconium  (IV) '
s o lu t io n  when d r ie d  and ground up showed c e r ta in  c a t io n  exchange p ro p e rtie s .-1
■■■ • ' !
Since th a t  tim e a number o f papers  have appeared su g g es tin g  th a t  on th e  |I
one hand a number o f  hydrous oxides show exchange p r o p e r t ie s ,  e .g .  Kraus and 
P h i l l i p s  (9 ) , A m phlett, McDonald and Redman (10) and Anderson ( l l )  .
Among th e  ox ides in v e s t ig a te d  by th e se  w orkers were th o se  o f  zirconium , 
tho rium , t i n  (IV) and ti ta n iu m  (IV) and th o se  o f c e r t a i n  t e r v a le n t  m e ta ls , 
n o ta b ly  chromium, i r o n , and aluminium. On th e  o th e r  hand c e r t a in  phosphates 
and tu n g s ta te s  have a lso  been  in v e s t ig a te d  by A m phlett, McDonald and 
■^edman (12) and th ese  have been  sho¥m to  behave in  a s im ila r  fa sh io n  to  
w eakly a c id ic  p o ly fu n c tio n a l c a t io n  exchangers. The s o l id  m a te r ia l  was 
p rep a red  by th e  a d d itio n  o f phosphoric  a c id  to  a z irconium  (IV) s o lu t io n , 
d ry in g  th e  p r e c i p i t a t e ,  g r in d in g , and s ie v in g . A f te r  tre a tm e n t i n  t h i s
way the  m a te r ia l  was q u ite  s ta b le .  No in v e s t ig a t io n  of th e  s t r u c tu r e  o f j
th e se  phosphates  was made b u t i t  was su g g ested  th a t  th e  s o l id  m a te r ia l  
c o n s is te d  o f z irconium  atoms lin k e d  by b r id g in g  oxygen atoms* To th e  
z ircon ium  atoms a c id  phosphate  groups were a tta c h e d  and th e se  had re p la c e a b le  
H io n s  f o r  c a t io n  exchange. As i t  was susp ec ted  th a t  the  s o l id  m a te r ia l  
in  th e  p re s e n t  system  was behaving as an io n  exchanger, i t  was decided  
to  t e s t  t h i s  su sp ic io n  i n  a s e m i-q u a n t ita t iv e  manner. The r e s u l t s  a re  
g iv en  in  the  accompanying ta b le ,
TABLE 44
Behaviour o f s o l id  m a te r ia l  from  phase diagram  stu d y  a t  
70°C. a s  an io n  exchanger.
T re a te d  w ith  a d i lu te  s o lu t io n  o f AnalaR chrome alum.
Cr sorbed i n i t i a l  pH F in a l  pH o f s o ln .
Sample 1 0 ,014  m/moles 3 .37 2.87
Sample 2 0,046 m/moles 3.A4 1 .9 4
Sample 2 was su b seq u en tly  tre a ,ted  w ith  n i t r i c  a c id  (pH 1 ,5)*
I t  was observed  th a t  j^CrfHgO)^ wad desorbed .
F in a l ly  Sample 2 was t r e a te d  w ith  250 m l. 0.1M NaCl.
The re le a s e d  H io n s  were t i t r a t e d  w ith  s tan d a rd  NaOH.
C ap ac ity  o f Sample 2 = 0 .1 8  rn.moles m oles/equiv.chrom ium  = 0.25*
In  b o th  sam ples no phosphate was d e te c te d  in  the  e f f lu e n t .
In  th e  p re se n t system  any ex p lan a tio n  must account f o r  j
( i )  The undoubted ion-exchange c h a ra c te r  o f th e  s o l id ,
( i i )  The com pletely  d i f f e r e n t  phase diagram r e s u l t s  a t  70°C, when 
compared w ith  those  o b ta in ed  a t  4-0°C,
The behav iou r o f  some t e r -  and t e t r a - v a le n t  m eta l hydroxides and 
hydrous ox ides and of some phosphates and tu n g s ta te s  o f t e t r a v a l e n t  m eta ls  
as  io n  exchangers would su ggest th a t  th e  p re se n t system i s  s im ila r .
I t  i s  su g g es ted  th a t  th e  s o l id  m a te r ia l  i s  a polym eric netw ork o f  
one o f the  fo llo w in g  ty p es  :
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in  which th e  hydrogens o f th e  a c id  phosphate  groups a re  re p la c e a b le  by 
o th e r  c a t io n s ,  and in  which th e  ch a in s  may e a s i ly  be b ranched  to  b u i ld  up 
a th re e -d im e n sio n a l netw ork. The te rm in a l groups would p ro b ab ly  be 
-H^PO^ g roups.
In  d ec id in g  w hether any one of th e se  ty p e s  i s  th e  most l i k e l y  to  
occu r, th e re  a re  two f u r th e r  f a c to r s  to  be borne in  mind ;
( i )  Chromium ( i l l )  does n o t form b a s ic  compounds of th e  type
Cr OX ex cep t under n e a r n e u tr a l  o r a lk a l in e  c o n d itio n s  and under th e  in f lu e n c e  
o f  h ig h  te m p e ra tu re s . On th e  o th e r  hand Zr(lV )? H£(lV)? and B i ( l l l )  a l l  
form w e ll known s e r ie s  o f  oxy compounds where th e  p robab le  s t r u c tu r e  in  th e  
s o l id  s ta t e  in v o lv e s  oxygen b r id g in g . I t  seems u n l ik e ly  th a t  th e re  i s  an 
e x a c t p a r a l l e l  betw een th e  s t r u c tu r e  of th e  s o l id  m a te r ia l  i s o la t e d  under 
th e  p re s e n t c o n d itio n s  and th a t  su g g ested  f o r  th e  zircon ium  and hafnium  
phosphate  m a te r ia l  by Amphlett e t  a l  (1 2 ) ,
( i i )  I f ,  as  w i l l  be d iscu ssed  more f u l l y  l a t e r ,  th e re  i s  a co n n ec tio n  
betw een th e  s t r u c tu r e  of complexes found i n  a s a tu r a te d  s o lu t io n  in  c o n ta c t  
w ith  th e  s o l id  m a te r ia l ,  th en  th e  c a t io n ic  complexes which have so f a r  been 
i s o la te d  and id e n t i f i e d  in  th e  p re s e n t s tu d y  would te n d  to  su p p o rt th e  
s t r u c tu r e  as b e in g  e i t h e r  Type 1 o r  Type 2 , As th e re  i s  a predominance
o f c a t io n ic  com plexes, i t  would a ls o ,  on th e  same grounds, su g g est th a t  
Types 3 and 4- were u n l ik e ly  s in c e  th e y  co u ld  on ly  be en v isag ed  as g iv in g  
r i s e  to  n e u tr a l  o r an io n ic  com plexes.
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The co n c lu s io n s  which may be drawn as to  th e  n a tu re  o f th e  
s o l id  phase i s o la te d  a t  70°C. a re  t h a t  th e  m a te r ia l  i s  behav ing  as an 
io n  exchange m a te r ia l  and i t s  p ro b ab le  s t r u c tu r e  belongs e i t h e r  to  
Type 1 o rT y p e  2.
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SECTION B0
BATCH ION EXCHANG-E STUDIES
( i )  D esorp tion  o f  C r ( l l l )  Species
D iscussion  o f  S e rie s  A ( i )  and A ( i i )
In  P a r t  1 , S e c tio n  C a b r i e f  d is c u s s io n  o f th e  s ig n if ic a n c e  o f b a tch  
io n  exchange s tu d ie s  in  which th e  m eta l form  o f th e  r e s in  i s  allow ed to  
e q u i l i b r i a t e  w ith  d i f f e r e n t  a c id s  a t  d i f f e r e n t  pH v a lu es  was g iv en .
I t  i s  p o s s ib le  to  compare in  a s e m iq u a n tita tiv e  manner the  e x te n t  to  which 
complex fo rm atio n  in  s o lu t io n  occurs  between th e  m eta l c a t io n  and th e  an ion  
o f the  a c id .  In  a s e t  o f  experim ents a t  a  g iven  pH and in v o lv in g  a s e r ie s  
o f a c id s  i t  fo llo w s  th a t  th e  an ion  c o n c e n tra tio n  i s  re a so n ab ly  c o n s ta n t -  
s in ce  in  th e  range o f pH v a lu es  under c o n s id e ra tio n  th e  io n is a t io n  of a l l  
a c id s , even d i -  and t r i -  b a s ic ,  may be re p re se n te d  to  a f i r s t  approxima­
t io n  as :
HA ;==^ H+ + A"   (1)
Taking t h i s  e q u ilib r iu m  in  co n ju n c tio n  w ith  th e  o th e r  e q u i l ib r ia  
in  the system  acidl -  m eta l form  r e s in  -  namely
' Cr3+ + 3H+ Cr3+ + 3H+ -----------  (2 )
Cr3+ + pAX ^=5= [*Cr iip ]y_ ------------- (3)
i t  may be deduced th a t  a t  a g iven  pH va lue  any in c re a se  in  t h e  amount of 
m eta l removed from th e  r e s in  a t  e q u ilib r iu m  as compared w ith  th e  amount
-12  6 -
removed by an a c id  whose an ion  i s  known n o t to  complex to  any s ig n i f ic a n t  
e x te n t  w ith  th e  m e ta l, i s  a  r e f l e c t io n  of th e  tendency  o f A to  form 
complexes w ith  chromium ( i l l )  io n s  a t  th a t  pH.
The f i r s t  co n c lu s io n  th a t  may be drawn from th e  e xperim ents i n  which 
th e  hexaaquo chromium ( i l l )  form of th e  r e s in  was in  c o n ta c t w ith  v a r io u s  
a c id s  a t  d i f f e r e n t  pH v a lu es  i s  t h a t  a t  low pH 's some com plexing i s
n i t r i c  and h y d ro c h lo ric  b u t th a t  l i t t l e  i s  ta k in g  p la c e  w ith  phosphoric  
a c id ,a s  th e  curve fo llo w s  c lo s e ly  to  th a t  of p e rc h lo r ic  a c id  where i t  i s  
known th a t  l i t t l e  o r  no complexing i s  o c c u rr in g . In  a d d i t io n  i t  was 
observed  th a t  th e  s o lu t io n  rem ained v io l e t  in  c o lo u r . This r e s u l t  i s  
o p p o s ite  to  what m ight be expec ted  u n t i l  i t  i s  r e c a l le d  th a t  th e  a tta in m e n t 
of e q u ilib r iu m  in  th e  system chromium ( i l l )  -  phosphoric  a c id  a t  25°C* i s  
ve ry  slow . Thus th e  tim e o f c o n ta c t o f seven days o f Hie m eta l form  o f 
th e  r e s in  w ith  phosphoric  a c id  i s  too  s h o r t to  allow  the  system  to  come to  
e q u ilib r iu m .
Plane and Taube (13) make th e  o b se rv a tio n  i n  s tu d ie s  o f th e  k in e t ic s
e le c t ro n  t r a n s f e r  i s  p o s s ib le  a c c e le ra te s  th e  r a t e  of exchange o f bound 
aquo" groups and presum ably a lso  complex fo rm a tio n , A s im ila r  system  to
s tu d ie d  a t  25°C. I t  i s  a system  i n  which e le c t r o n  t r a n s f e r  i s  v e ry
l i k e l y  and in  f a c t  complex fo rm atio n  ta k e s  p la ce  r a p id ly  in  s o lu t io n .
o c c u rr in g  between each of the  th re e  a c id s ,  su lp h u r ic ,
th e  s y s te m ^ C ^ ^ c O g  j Ho0 th a t  th e  p ro v is io n  o f  an an io n  i n  which
th e  p re s e n t  one i s  th a t  o f  chromium ( i l l )  -  a rs e n ic  a c id  and t h i s  has been
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W h ils t the complexing power o f  a rs e n ic  a c id  i s  low er th an  phosphoric  a c id , 
th e  r e s u l t s  g ive a guide as to  the amount o f complexing to  be expected  
w ith  chromium ( i l l )  -  phosphoric  a c id  a t  25°C a t  e q u ilib r iu m  -  a f u r th e r  
in d ic a t io n  th a t  t h i s  i s  so i s  p ro v id ed  by th e  s im i la r i ty  o f th e  r e s u l t s  a t  
70°C. The r e s u l t s  due to  Lukaszew ski, Salmon and th e  a u th o r  (14) a re  
g iv en  in  th e  fo llo w in g  t a b le ,
TABLE 45
D eso rp tion  o f  [ c ^ H g O ^ j  from m etal form Zeo Karb 225 
by phosphoric  and a rs e n ic  a c id s
h5
a.
S
of p-
!
P.H $br removed . ... PH %Cr removed
0 .0 2 72 .5 0 .01 54.6
0 .28 68.0 0 .2 4 42 .0
0.53 66.9 0.36 36 .0
0 .82 50 .5 0.50 3 2 .4
1,00 36 .0 0 .76 1 5 .0
1.30 1 1 .5 0.92 9 .5
1.50 6 .0 1 .27 0 .0
0.02 82 .5 0.02 90.0
0.28 76 .5 0 .06 87.5
0 .5 4 70 .3 0 .28 7 8 .5
0.82 58 .0 0.50 73 .5
1 .00 3 1 .5 0 .7  6 56 .5
1 .25 6 .5 O.8 4 49 .0
1 .4 4 2 .9 1 .00 30.0
1 .92 0 .0 1 .10
1.27  
F— --------
17 .5
3 .5
-1 2 8 -
From th e  ta b le  i t  i s  p o s s ib le  t o  p r e d ic t  th a t  th e  p robab le  % Cr 
t h a t  would be removed from the r e s i n  under e q u ilib r iu m  c o n d itio n s  a t  
room tem p era tu re  by phosphoric  a c id  would be some 2% g r e a te r  th an  the 
amount removed by a rs e n ic  a c id  under s im i la r  c o n d itio n . Thus f o r  the 
pH v a lu es  0 .2 5 , 0 .5 0 , 0 .7 5 , 1 .0 0 , th e  p re d ic te d  v a lu es  fo r  th e  % rem oval 
o f chromium ( i l l )  from the  r  e s in  a re  72/£, 6 9 ^ .  5$$ and 5 4 ^  r e s p e c t iv e ly .  
I f  th e se  r e s u l t s  a re  p lo t te d  a long  w ith  th e  r e s u l t s  f o r  o th e r  t e r v a le n t  
m etals on the  graph of unhydra ted  io n ic  ra d iu s  (A°) a g a in s t  % m e ta l rem oved 
a t  e q u ilib r iu m  (Genge and Salmon (1 5 ) ) , i t  i s  seen (F ig .14 ) t h a t  th e  
r e s u l t s  f o r  chromium ( i l l )  do no t f i t  in to  th e  p ic tu r e  a t  a l l .
I t  i s  p o s s ib le  to  e x p la in  t h i s  as fo llo w s :
( i )  In  th i s  paper Genge and Salmon (15) s t a t e  th a t  the  m eta ls
c o n sid e re d  a re  th o se  which are  l i k e ly  to  form complexes by use o f o u te r  dL
3 2o r b i t a l s ,  th a t  i s ,  by sp  d h y b r id is a t io n  bu t in  th e  case  o f chromium,
i t  i s  to  be ex p ec ted  th a t  th e  bonding in v o lv ed  w i l l  use in n e r  d o r b i t a l s ,
2 3th a t  i s ,  by  dy sp h y b r id is a t io n ,  s in ce  th e se  are r e a d i ly  a v a i la b le  -
3+ 3Cr having an e le c tro n ic  c o n f ig u ra t io n  of 3 ^  and sp in  p a i r in g  be in g
un n ecessa ry .
( i i )T h e  f a c t  t h a t  chromium does n o t r e a d i ly  form a t r i s c h e l a t e  
complex w ith  phosphate  b u t only  a b is o h e la te  (Jameson and Salmon ( l ) )  i s  
in  c o n t r a s t  to  th e  b eh av io u r of aluminium and i ro n  ( i l l )  which b o th  
r e a d i ly  form  t r i s c h e l a t e s  (see  Jameson and Salmon (5 ) and ( l6 ) )  p robab ly  
e x e r ts  an a d d i t io n a l  e f f e c t .
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The second c o n c lu s io n  th a t  may be drawn r e l a t e s  to  a  com parison 
o f th e  r e s u l t s  o f se3di.es A (l)  and A (2). I f  a com parison i s  made n o t of 
the  complexing power of th e  an io n s  o f th e  ac id s  used  b u t betw een the  r e -  
l a t i v e  a f f i n i t i e s  o f J  Cr(H20 ) ^ + and J  C r(phos) j  x+ f o r  th e  r e s in ,  
i t  i s  e asy  to  see th a t  th e  chromium complexes a re  h e ld  much le s s  s tro n g ly , 
e .g .  f o r  n i t r i c  a c id  a t  pH 0.75 th e  % m e ta l removed in  th e  case o f the  hex a- 
aquo form  o f th e  r e s in  i s  12. 5fo w h ils t  f o r  the  complex form  of th e  r e s in  
th e  f ig u re  i s  30 .7%. As h as been su g g ested  in  P a r t  3> S e c tio n  E, t h i s  
d if f e re n c e  i n  a f f i n i t y  may be u t i l i s e d  i n  th e  s e p a ra tio n  o f  th e  chromium 
( i l l )  complex c a tio n s  from hexaaquo chromium ( i l l )  io n s  and a d e s c r ip t io n  
has been  g iv en  o f th i s  achievem ent.
D iscu ssio n  o f S e r ie s  B.
In  P a r t  3> S ec tio n  C a d e s c r ip t io n  was g iven  o f the  b a tc h  s tu d ie s  on 
chrom ium -phosphate form o f th e  c a t io n  exchanger w ith  n i t r i c  a c id  and 
ammonium n i t r a t e .  The re a so n  f o r  c a r ry in g  ou t t h i s  sesries o f experim ents 
was o u t l in e d  b r i e f l y .  T his was to  in v e s t ig a te  one p o s s ib le  mechanism 
o f th e  phenomenon r e f e r r e d  to  as phosphate d r i f t  and to  see w hether th e  
problem s a s s o c ia te d  w ith  i t  co u ld  be overcome i n  any way.
The phenomenon was observed  in  th e  e a r ly  a ttem p ts  a t  ach iev in g  
a chrom atographic s e p a ra tio n  o f th e  c a t io n ic  com plexes. I t  was found 
th a t  on e lu t in g  th e  p a r t i a l l y  lo ad ed  column w ith  d i lu te  n i t r i c  a c id , th e re  
o ccu rred  a surge o f phosphate so th a t  in  th e  e a r ly  s tag e s  o f  the  chroma­
to g ra p h ic  developm ent th e re  was always a  la rg e  excess o f  phosphate over
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t h a t  which cou ld  he expected  to  be found in  a c a t io n ic  complex w ith  
chromium* T his co u ld  on ly  be in te r p r e te d  as be ing  f r e e  phosphate which 
was n o t com plexed. I t  was a lso  found th a t  th e  l a t e r  com plexes to  be 
e lu te d  were h e ld  very  te n a c io u s ly  by th e  r e s in  and th a t  th e  Cr : P0^ 
r a t i o  was h ig h , th a t  i s ,  l i t t l e  phosphate appeared  to  be a s s o c ia te d  w ith  
th e  chromium.
The phenomenon co u ld  presum ably  a r is e  from  one o r  the  o th e r  o r  
b o th  of th e  fo llo v /in g  ways :
( i )  The aged s o lu t io n  w ith  which a column i s  lo ad ed  c o n s is ts  o f  
an io n ic  and c a t io n ic  complexes to g e th e r  w ith  phosphate io n s  and u n io n ized  
phosphoric  a c id .  I t  i s  p o s s ib le  n o t on ly  f o r  th e  c a t io n ic  complexes to  
be so rbed  on th e  column o f Zeo Karb in  th e  H form  b u t a lso  f o r  any 
u n io n iz e d  phosphoric  a c id  to  be h e ld  in  the r e s in  by Van d e r W aal’ s f o r c e s .  
S im ila r  e f f e c t s  have been d e sc r ib e d  by D avies and Owen (17) and R eichenberg 
and W all (18) f o r  o rg an ic  compounds and in  p a r t i c u l a r  f o r  o rgan ic  a c id s  o f 
com parable s t r e n g th  to  -that o f phosphoric  a c id . In  any two phases  in  
c o n ta c t w ith  one a n o th e r , th e re  w i l l  always be a d i s t r i b u t io n  o f an un­
io n iz e d  s o lu b le  compound betw een the  two phases -  in  g en e ra l fa v o u rin g  one 
phase more th an  th e  o th e r .  I t  seems l i k e l y  t h a t  u n io n ized  phosphoric  
a c id  w i l l  te n d  to  be h e ld  in  th e  r e s in  phase r a t h e r  than  in  the  l i q u id  
i n  c o n ta c t w ith  i t .  A lso , as th e  r e s in  im m ediate ly  below th e  zone th a t  
i s  so rb in g  th e  c a t io n ic  complexes i s  in  th e  H form , the e q u ilib r iu m  con­
c e n tr a t io n  of th e  io n iz e d  phosphoric  a c id  w i l l  be very much low er th an
in  th e  e x te rn a l  s o lu tio n  ( i . e .  th e  a c id  i s  behav ing  e s s e n t i a l ly  as a  non­
e l e c t r o l y t e ) .
That th i s  e f f e c t  i s  o p e ra tin g  in  th e  column work i s  ap p a ren t by 
th e  improvement in  r e s u l t s  ffhich was ach ieved  when th e  c a t io n ic  complexes 
Vfere sorbed  on th e  r e s in  as in  a b a tch  experim ent and th e n  t h i s  r e s in ,  
th o ro u g h ly  washed, was loaded  as a s lu r r y  on to  the top  of th e  column 
of Zeo Karb 225 a lre a d y  in  th e  H form .
(2 ) The second way in  which the  phosphate  d r i f t  m ight be i n t e r ­
p re te d  i s  t h a t  c e r ta in  o f th e  complexes a re  n o t r e s i s t a n t  to  a t ta c k  by 
H+ io n s  and e i t h e r  i n  the  r e s in  phase o r in  th e  s o lu tio n  u sed  to  e lu te  
th e  r e s in  th e  complexes a re  b roken  down to  a c e r t a i n  e x te n t .  I n i t i a l l y  
w ith  th e  r e s in  in  th e  H form, th e  c o n c e n tra tio n  in  the  r e s in  beads i s  o f  
th e  o rd e r o f  5N in  a c id , so t h a t  as th e  c a t io n io  complexes beg in  to  e n te r  
th e y  a re  en co u n te rin g  an ex trem ely  a c id ic  medium, and even when 4 /5 th s  
r e s in  has been  co n v erted  to  th e  complex form , th e  a c id i ty  i s  s t i l l  o f  th e  
o rd e r  o f IN.
I t  i s  p o s s ib le  to  p ic tu r e  th e  breakdown o f a complex o f the  ty p e  :
(which i s  th e  p robab le  s t r u c tu r e  o f one o f th e  complexes found in  the 
p re s e n t  system ) a s  fo llo w s :
2+
HPO
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The u n d is so c ia te d  H^PO^ would be h e ld  in  th e  r e s in  as exp la ined
in  mechanism ( l )  above, and  on subsequent e lu t io n  on a  column would appear
a s s o c ia te d  w ith  the most l i g h t l y  h e ld  complex. In  a b a tc h  experim ent
th e  phosphate would come o f f  under e q u ilib riu m  c o n d itio n s  and th e  r a t io
o f PO^ : Cr in  th e  so lu tio n , i n  e q u ilib r iu m  w ith  th e  r e s i n  would be h ig h .
The b a tc h  s tu d ie s  th a t  were c a r r ie d  o u t w ith  the  complex form o f  th e  r e s i n
and n i t r i c  a c id  o f d i f f e r e n t  pH v a lu es  show th a t  a t  a  pH o f  1 ,5  th e  r a t i o
of PQ^ : Cr e lu te d  i s  g r e a te r  than  4 : 1 *  At h ig h e r  a c id i ty  more o f the
c a t io n ic  complexes a re  desorbed  and co n seq u en tly  th e  r a t i o  o f PO^ : Cr
f a l l s .  However, i t  i s  o f  i n t e r e s t  to  n o te  t h a t  th e  increm ent ( P0,~l ~L 4- \
[ c r l  i s  app rox im ate ly  c o n s ta n t f o r  each s e t  o f experim ents, in d ic a t in g  
t h a t  th e  e f f e c t  i s  p ro b ab ly  uniform  over the  range o f pH’s s tu d ie d ,
TABLE 46
1 s t  s e t 2nd s e t
pH !>J " N i>J -  LCrJ |
1 .50 0.026 0.046
1 .25 0.027 0.049
1 .0 0 0.035 0.060
0.75 0.039 0.072
0.50 0.028 0.070
0 ,25 0.064 0.081
0.03 0.036 0 .074
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On the  o th e r  hand th e  r e t e n t io n  f ig u r e s  show th a t  th e  r a t io  of 
PO^ : Cr f a l l s  to  around 0 .75  : 1 or 3 i 4 , which would su g g es t t h a t  th e
complex rem ain ing  sorbed  on th e  column i s  o f th e  type :
r  ’-•f 6+
I Ho0 -  Cr -  HPO, -  Cr -  HPO, -  Cr -  HPO, -  Cr -  Ho0 i 1 ^ 4  4 4  2 J .
o r a l t e r n a t iv e ly  th e  complexes rem ain ing  on th e  column cou ld  be a  m ix tu re  
of two o r more o f th e  ty p e ;
j” H20 -  Cr -  HPO  ^ -  Cr -  H ^  to g e th e r  w ith  j^Cr -  H2P0z f j 2+
The co n c lu s io n  th a t  may be drawn from th e se  r e s u l t s  i s  t h a t  a t  
l e a s t  some breakdown of complexes i s  o ccu rrin g , p ro b ab ly  under th e  in f lu e n c e  
of th e  H io n s  in  s o lu t io n .  I f  t h i s  i s  in  f a c t  th e  ca se , then  e q u ilib r iu m  
b a tc h  s tu d ie s  w ith  a s o lu t io n  of a s a l t  r a th e r  than  an a c id  shou ld  show 
a  s ig n i f i c a n t  d if f e r e n c e .  The s tu d ie s  v d th  ammonium n i t r a t e  show th a t  
t h i s  i s  so . The r a t i o  o f PO^ : Cr in  th e  s o lu t io n  a t  e q u ilib r iu m  i s
a t  most 1 .9 2  : 1 and from o th e r  work i t  i s  known th a t  th e  l e a s t  s t ro n g ly
h e ld  complex in  a l l  th e  s o lu tio n s  s tu d ie d  has th e  r a t io  Cr : PO^ of 1 : 2,
r  * +i . e . ,  i t  i s  Cr (H^PO^g • Thus th e  r a t i o  i s  a t  l e a s t  a  l i k e l y  one.
—
The r a t i o  o f PO^ : Cr o f the  r e ta in e d  p o r t io n  o f th e  so rbed  complexes a t  
e q u ilib r iu m  i s  about 1 : 1 -  a llow ing  f o r  th e  ex p erim en ta l d i f f i c u l t i e s  
o f th e  a n a ly s is  o f chromium in  th e  p resen ce  o f a la rg e  amount o f ammonium 
n i t r a t e .  Thus the  in fe re n c e  which may be drawn i s  t h a t  the  phosphate d r i f t  
i s  a t t r i b u t a b l e  in  p a r t  to  th e  a c t io n  o f H io n s  from th e  s o lu t io n  e f f e c t in g  
some breakdown o f  one o r  more o f th e  complex sp ec ie s  so rbed  on the r e s in .  
These r e s u l t s  make c le a r  why no r e a l ly  u s e fu l  d a ta  cou ld  be g a in ed  from  th e  
chrom atograph ic  s e p a ra t io n  o f  complex sp e c ie s  on a column of Zeo Karb 225 
u s in g  n i t r i c  a c id  as th e  e lu t in g  a g e n t.
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SECTION C 
BATCH ION EXCHANG-E STUDIES
i i )  Sorption of Cr
Jameson and Salmon ( l )  commented on th e  f a c t  t h a t  c a re  was needed in  th e  
in t e r p r e ta t io n  o f th e  r e s u l t s  o f b a tch  s tu d ie s  on c a tio n ic  complexes 
from chromium ( i l l )  -  phosphoric  a c id  s o lu tio n s  aged a t  40°C. Among 
th e  re a so n s  quo ted  a re  th e  fo llo w in g  :
(1 ) The complexes were o f te n  d i f f i c u l t  to  remove from th e  r e s in  -  
once so rbed .
( 2 ) The tim e of ag ing  o f the  s o lu t io n  seemed to  e x e r t  a  marked 
e f f e c t  on the up take  o f  chromium ahd phosphate on the  r e s in .
(3 ) The p r o b a b i l i ty  t h a t  the s iz e  o f the  complexes p rev en ts  
occupancy o f  a l l  th e  a v a i la b le  exchange s i t e s  in  th e  r e s i n  beads.
(4) The tim e o f c o n ta c t o f the  s o lu t io n  w ith  th e  r e s in  a f f e c t s  
th e  amount o f chromium and phosphate  sorbed .
( l )  and ( 2) have a lre a d y  been d isc u sse d  and th e  p re s e n t  work in  
th e  main was c a r r ie d  ou t a t  70°C. so t h a t  f u l l y  aged s o lu t io n s  co u ld  
be u sed  more r e a d i ly .
D iscu ssio n  on f a c to r  (3)
I f ,  as seemed p ro b ab le , some s t e r i c  e f f e c t s  a re  coming in to  p la y , th en  
u s in g  r e s in s  o f  v a ry in g  deg rees  o f  c r o s s - l in k in g  should r e s u l t  in  the  
up take o f v a ry in g  amounts o f chromium and ph o sp h ate . I f  a  number of
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complexes a re  in v o lv ed , th e n  th e  r a t i o  o f chromium : phosphate  in  the  
r e s in  w i l l  v a ry  a ls o .  Taking th e  r e s u l t s  o f  Tables 17 -  22, in  which a 
range o f  r e s in s  were a llow ed  to  come in  c o n ta c t  Ydth s a tu r a te d  s o lu tio n s
th a t  as th e  degree of c r o s s - l in k in g  in c re a s e s  so th e re  i s  a  marked f a l l  
in  th e  amount o f chromium and phosphate tak en  up p e r  e q u iv a le n t o f exchanger 
The amount ta k en  up on a 20fo  c ro s s - l in k e d  r e s in  i s  only  some 10% o r  l e s s  
of t h a t  w hich i s  sorbed on th e  ■§■, 1 , o r 2fo  c ro s s - l in k e d  r e s in .
A com parison o f th e  f ig u r e s  g iven  in  th e se  ta b le s  and r e le v a n t  
f ig u r e s  from l a t e r  ta b le s  in d ic a te  t h a t  th e  fo llo w in g  p o in ts  are  notew orthy, j
io n ic  s iev e  e f f e c t  even f o r  th e  sim ple hexaaquo io n , n e v e r th e le s s  the  e x te n t  
to  which th e  complex io n s  a re  excluded i s  such as to  in d ic a te  th a t  th e  io n s  ; 
in v o lv ed  a re  r e l a t i v e l y  l a r g e .
(2 ) The amount sorbed  on th e  l i g h t l y  c ro s s - l in k e d  r e s in  i s  c o n s id e r -  j
amounts o f chromium. The most l i k e l y  reaso n  f o r  t h i s  i s  n o t t h a t  th e  
complexes i n  the  more d i lu te  s o lu t io n s  a re  l a r g e r  b u t t h a t  the  charge on 
th e  io n s  has a g e n e ra l tendency  to  be h ig h e r a s  the pH i s  h i g h e r . ( i f  th e  
complex has +1 charge th en  a t  s a tu r a t io n  1 m o le /eq u iv . w i l l  be so rb ed ,
c o n ta in in g  from  2■§$ -  V f^o ^ 2^5 ^o r  ^wo k°u r s > w i l i  seen (see  F ig . 15)
( l )  The amount of chromium and phosphate  so rbed  on th e  r e s in  f a l l s
m arkedly w ith  in c re a se  in  c ro s s - l in k in g  ( o r  co rrespond ing  d ecrease  in  w e ig h t
sw e llin g ) , in d ic a t in g  an io n ic  s iev e  e f f e c t .  The f ig u r e s  f o r  th e  up tak e
as g iv en  i n  Table 15 in d ic a te  t h a t ,  w h i ls t  th e re  i s  some
a b ly  l e s s  f o r  th e  s o lu tio n s  c o n ta in in g  le s s  P a n d  co rre sp o n d in g ly  low er
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f o r  a  complex hav ing  a  charge o f +2 a t  s a tu r a t io n  0 ,5  m o le /eq u iv . w i l l  be 
so rbed , e t o . )  The o th e r  p o s s ib le  reaso n  i s  t h a t  th e  e f f e c t iv e  ’p ressu re*  
o f th e  io n s  i s  l e s s .  The a c tu a l  c o n c e n tra tio n  o f c a t io n ic  complexes in  
th e  more d i lu te  s o lu t io n s  i s  known (see  e .g .  T ab les 36a and b ) to  be 
c o n s id e ra b ly  low er th a n  in  th e  more c o n c e n tra te d  s o lu t io n s ,  and a t  e q u i l i ­
brium  one would expec t a sm a lle r  amount to  be so rb ed ,
(3 ) The r a t i o s  of Cr : PQ^ a re  a lso  g iven  i n  th e  r e s u l t s  b u t i t  i s  
ha rd  to  d is c e rn  any s ig n i f i c a n t  t re n d  in  th e  r a t i o s  w ith  in c re a se  i n  c r o s s -  
l in k in g , The v a lu es  f o r  th o se  r e s in s  which take up very  l i t t l e  chromium 
and phosphate  a re  of n e c e s s i ty  n o t v e ry  a c c u ra te  and p ro b ab ly  a re  no t
more a cc u ra te  th an  0 .1  u n i t .  I f  an y th in g , i t  ap p ears  t h a t  f o r  th e  12-J/& 
and 15% s o lu t io n s ,  th e re  i s  a  f a l l  in  th e  r a t i o  o f Cr : P0^ w ith
in c re a s e d  c ro s s - l in k in g  w h ils t  f o r  th e  o th e r  s a tu r a te d  s o lu t io n s ,  the  r a t i o  
ten d s  to  r i s e  w ith  in c re a s e  i n  c r o s s - l in k in g .
( 4 ) In  c e r t a in  o f th e  r e s u l t s  f o r  the  and th e  1fo c ro s s - l in k e d  
r e s in s  (see  F ig . 16 f o r  one exam ple), th e  amount o f chromium and phosphate 
so rbed  i s  l e s s  p e r  e q u iv a le n t th a n  th e  amount so rb ed  on th e  2fo c ro s s - l in k e d  
r e s in .  This f a l l  in  up take  i s  p ro b ab ly  due to  th e  f a c t  t h a t  a l l  th e  ex­
change s i t e s  a re  n o t used  s in ce  th ey  a re  n o t in  c lo se  enough p ro x im ity
f o r  them a l l  to  be u t i l i s e d  by a la rg e  io n  hav ing  a number o f charged  c e n tr e s .  
D iscussion  on f a c to r  ( 4 )
In  o rd e r  to  d iscu ss  th e  e f f e c t s  o f v a ry in g  th e  tim e o f c o n ta c t  o f r e s in  
w ith  f u l l y  aged s o lu t io n s ,  th e  experim en ts  c a r r ie d  o u t may be co n v en ie n tly  
d iv id e d  a s  fo llo w s :
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(1 ) C o n sid e ra tio n  of one s e le c te d  s o lu t io n  w ith  one s e le c te d  r e s i n  
f o r  v a ry in g  p e rio d s  of tim e .
(2 ) C o n sid e ra tio n  o f  one s e le c te d  s o lu t io n  w ith  d i f f e r e n t  r e s in s  
f o r  vary ing  p e r io d s  of tim e .
(3 ) C o n sid e ra tio n  o f d i f f e r e n t  s o lu t io n s  w ith  one s e le c te d  r e s in  
f o r  v a ry in g  p e rio d s  of tim e .
( l )  To i l l u s t r a t e  the  e f f e c t  of v a ry in g  th e  time of c o n ta c t ,  th e  b eh av io u r 
o f the  2 f^o s o lu t io n  w ith  th e  b^fo c ro s s - l in k e d  r e s in  w i l l
be ta k e n , b u t e x a c tly  s im ila r  r e s u l t s  a re  found w ith  r e s in s  of d i f f e r e n t  
c ro s s - l in k in g  and w ith  d i f f e r e n t  s o lu t io n s .
The graph (see  F ig . 17 ) o f the  so rp tio n  o f chromium and phosphate 
w ith  tim e shows a s teady  in c re a s e  in  the  amount tak en  up w ith  tim e .
The shape of the  curve i s  such to  in u ic a te  t h a t  th e  ions b e in g  sorbed  a re  
la rg e  and th a t  e n t ry  i s  slow . Even a f t e r  seven days i t  i s  by no means 
c e r t a in  th a t  uptake i s  com plete, f o r  s tan d in g  th e  s o lu tio n  in  c o n ta c t  w ith  
th e  r e s in  f o r  fo u r te e n  days r e s u l t s  in  a f u r th e r  1% in c re a se  in  th e  amount 
so rbed . W h ils t th e  amount o f chromium and phosphate  on the  r e s in  i s  
in c re a s in g  w ith  tim e, th e  r a t i o  o f PO^ : Cr p a sse s  th rough  a maximum around 
2 - 4 -  hours o f  c o n ta c t and then  su b seq u en tly  f a l l s .
There a re  two p o s s ib le  e x p la n a tio n s  to  account fo r  th ese  r e s u l t s .
(a )  That th e re  a re  a number o f d i f f e r e n t  c a t io n ic  complexes and 
t h a t  th ey , on accoun t of t h e i r  s iz e ,  a re  so rbed  slow ly  and a t  d i f f e r e n t  
r a t e s .  T his p ro b ab ly  accoun ts  fo r  the v a r ia t io n  in  r a t i o  o f PO. : Cr w ith
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tim e , I f  the  complexes a re  p o ly n u c lea r and o f  the  type 
j^HgFO^ “ (Cr -  HP0^)n_^ -  Cr -  H^PO^J n+ as seems p o s s ib le  from the 
chrom atographic work, th en  presum ably  th e  g r e a te r  n i s  the  more d i f f i c u l t y  
th e  complex en co u n te rs  i n  e n te r in g  the  r e s i n .  When n i s  la rg e  th e  r a t i o  
PO^ ; Cr approaches 1 ; 1 , I f  such complexes a re  sorbed  w ith  d i f f i c u l t y  
a f a l l  in  th e  r a t i o  o f  PO, : Cr w ith  tim e from the  i n i t i a l  v a lu e  c o r r e s -  
ponding to  th e  s o rp tio n  o f  th e  sm a lle r complexes vfould be p re d ic te d  and i s  
in  f a c t  th e  observed  b eh av io u r,
o>) A p ro b ab le  second e x p la n a tio n  which may be as im p o rtan t as th e  
f i r s t  i s  th a t  the complexes a re  undergoing breakdown on c o n ta c t  w ith  the  
r e s in  a t  room tem p era tu re  and th a t  a s  they  a re  b re a k in g  down in to  sm a lle r  
u n i t s ,  th e se  u n i t s  may p e n e tra te  th e  more r e a d i ly  in to  the r e s in  b ead s . 
C onsequently  the  r e s u l t s  o b ta in ed  a f t e r  a o o ra id e rsb le  tim e o f c o n ta c t  have 
l i t t l e  r e l a t i o n  to  th e  a c tu a l  sp e c ie s  p re s e n t  in  s o lu t io n .  This mechanism 
has a lre a d y  been  d isc u sse d  in  th e  p re v io u s  s e c t io n  and i f  due to  th e  
a c id  c o n c e n tra tio n  in  th e  r e s in ,  th e n  i t  would appear p o s s ib le  to reduce 
the  e f f e c t  by u t i l i z i n g  th e  sodium form of th e  r e s in .  However, a s  may be 
seen from th e  r e s u l t s  in  Table 28b, the  % co n v ersio n  of th e  sodium form  
r e s in  to  H form in  c o n ta c t w ith  phosphoric  a c id  o f  th e  same pH as th e  
f u l l y  aged s a tu r a te d  s o lu t io n  i s  somewhat over $0% and a cc o rd in g ly  l i t t l e  
would be g a in ed  from  th e  use of sodium form  r e s in  as th e  c o n c e n tra tio n  in  
th e  r e s i n  would s t i l l  be of the  o rd e r  o f 2N, The r e s u l t s  w ith  th e  sodium 
form r e s in  in  Table 28a show no s ig n i f ic a n t  d if f e re n c e  from th o se  c a r r ie d  
ou t u s in g  hydrogen form  r e s in .
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(2 ) I f  th e  ex p lan a tio n s  g iv en  above a re  s u b s ta n t ia l ly  c o r r e c t ,  th e n  i t  
would be expec ted  th a t  as th e  c ro s s - l in k in g  of th e  r e s in  goes down, so
n o t only  would th e  t o t a l  amount so rbed  in c re a s e  b u t a lso  th e  r a t e  o f uptake 
would be g r e a te r  and th e  r e s in  would appear more s a tu r a te d  more ra p id ly , 
and th e  re v e rs e  would be t r u e  f o r  a  r e s in  o f a h ig h e r  degree o f  c r o s s -  
l in k in g ,  In  F ig , 18 a  com parison i s  made of the  1%, and &fo c ro s s -
l in k e d  r e s in s  f o r  th e  s o lu t io n ,  and t h i s  i s  found to  be the  c a se ,
(3) F u r th e r  c o n s id e ra tio n s  o f th e  r e s u l t s  i n  w hich th e  d i f f e r e n t  s a tu ra te d  
s o lu t io n s  were s tu d ie d  confirm  a l l  th e  d is c u s s io n  g iv en  above.
In  s im i la r  system s o f o th e r  te r v a le n t  m e ta ls  and phosphoric  ac id  
i t  has p roved p o s s ib le  to  i n t e r p r e t  th e  r e s u l t s  o f  th e  b a tch  experim ents 
in  such a way as to  p o s tu la te  a  number o f l i k e l y  com plexes. However, i t  
does n o t appear easy  to  i n t e r p r e t  th e  r e s u l t s  in  th e  p re s e n t  system  by 
th e  method o f  Salmon (19) The p o s s i b i l i t y  o f  a  f a i r l y  la rg e  number 
of complexes o f s im ila r  ty p e  e x is t in g  in  s o lu t io n  and a l l  b e in g  sorbed, as 
w e ll a s  th e  p o s s i b i l i t y  o f breakdown o f c e r t a in  complexes, makes th e  a p p l ic a ­
t io n  o f th e  e x p re ss io n  which may be d e riv ed  o f c o n s id e ra b le  d i f f i c u l t y ,  and 
i t  may o n ly  be a p p lie d  to  those  r e s u l t s  where e q u ilib r iu m  o r  pseudo­
e q u ilib r iu m  i s  reach ed  q u ic k ly ,
Salmon (19) has developed an ex p re ss io n  f o r  in te r p r e t in g  th e  r e s u l t s  
o f  b a tc h  s tu d ie s  in  which th e  r e s in  i s  e q u i l ib r i a t e d  w ith  f a i r l y  c o n c e n tra te d  
s o lu t io n s .  T his may be d e riv e d  as fo llo w s :
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Let moles o f Cr sorbed p e r  eq u iv . o f exchanger =
moles o f PO^ so rbed  p e r  eq u iv . o f exchanger =
3+I f  th e  r e s in  i s  s a tu r a te d  w ith  M moles p e r  eq u iv . = 0.33•
Assume th a t  th e  complex sorbed
1  (3 (y«z) + x)+
[ My Hx(PV Zl 3+to g e th e r  w ith  f r e e  Cr io n s .
For 1 equ iv . of exchanger 
Thus th e  moles o f  f r e e  m etal so rbed
M ' z "A 
e q u iv s . of f r e e  m etal sorbed
= 3 <nm —  y/ z Ka )
and th e  moles o f complex so rbed .
= V  Na'  z A
.*. e q u iv s . o f  complex sorbed
= 1 / z Na  r 3 ( y - z )  +  X
.*. s in ce  t o t a l  eq u iv . so rbed  = 1  we have
1 = 3 (Na -  y/ z na ) + i  na (3 (y-e) + x) . . . .  (1)
: .  1 = 3 nm + 3Na  ( ^ f S .  )
3+In  th e  case o f f u l l y  aged s o lu t io n s  no f r e e  Cr i s  p re s e n t and
th u s  e q u a tio n  1 reduces to  : 
z Al  = -  N, I 3(y-2> + x  .........  (2 )
-1 4 1 -
and s in c e  N. N..A = M
2  y
we have
r  *1 r
1 = na  I a iz r g )  + * I = nm j 3[y^ z L,f,j*
l  2 J  l  y
C onsequently  we may d e riv e  th e  fo llo w in g  ta b le  f o r  some o f the  most
l i k e l y  complexes as found from th e  chrom atographic s e p a ra t io n s .
F u r th e r  d isc u ss io n  o f th e  a p p l ic a t io n  of th o se  e x p re ss io n s  i s  
d e fe r re d  u n t i l  a f t e r  th e  c o n s id e ra tio n  of th e  chrom atographic  s e p a ra tio n s  
th a t  have so f a r  been ach iev ed .
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TABLE 47
Moles o f chromium and phosphate p e r  e q u iv a le n t o f r e s in
v a r io u s  complexe:
Complex 
;[Cr(HP°4 ) l  *
! > ( h2K)4 ) ]  2+
[c r(H 2P°4 ) 2]  +
[ c r  -  HPO^ -  Crj ^
[  Cr -  FO^ -  Cr J  3+
[C r -  HPO^ -  Cr -  HgPOj 
f  Cr -  HPO, -  Cr -  HPO,! 2+
[C r  -  PO^ -  Cr -  HPOJ *
[H2PQ4 -  Cr -  HP04 -  Cr -  
[  HK)4  -  Cr -  HP04 -  Cr -  
f_H2P04 -(Cr -  HP04)n_1 -  Cr-H2H ^
3+
2+
'  H P O ,  v  
/  4 \
Cr Cr
H P O .
* H P 0 7  H P O ,
/  4 \  /  4 \
Cr Cr Cr
_ ^HPO^ *
'  H P O ,  H P O ,
/  4 \  /  4 \
Cr Cr Cr
\  /
H P O ,
r  H P O / "  H P O ,  H P O ,
I /  4  * 4  v t  4/ \  /
Cr Cr*
\  X  V  
H P O ,  H P O ,  4  4
X /
Cr
/
\
Cr
y X z r "" y3 ( y - z )+x 3 ( y - z ) + x  J
l 1 1 1 1
l 2 1 0 .3 0 .5
l 4 2 1 2
2 1 1 0 .5 0.25
2 0 1 0.66 0.33
2 3 2 0.66 0,66
2 2 2 1 1
2 1 2 2 2
2 3 3 1 1 .5
2 4 3 2 3
n n+3 n-fr-1 1
n+1-
n
2 2 2 1 1
3 4 4 3 4
3 3 3 1 1
4 3 5 2 ro . vjn
J.
...
...
...
...
...
...
...
....
.
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From u n sa tu ra ted  so lu tio n s
Two s e r ie s  o f experim ents were c a r r ie d  o u t, namely w ith  a  c o n s ta n t amount 
o f Cr^O^ and v a ry in g  an^ a c o n s ta n t  amount of PgO^ an& in c re a s in g
Cr2°3*
(1) D iscu ssio n  o f r e s u l t s  o b ta in ed  in  which s o lu t io n s  c o n ta in in g  a 
c o n s ta n t amount o f Cro0., were used .
The r e s u l t s  g iven  in  Table 31 ' must be in te r p r e te d  a long
w ith  th e  r e s u l t s  o f th e  column experim ents in  which th e  fo o f c a t io n ic  
chromium and phosphate was de term in ed . In  th e se  experim en ts th e  amount 
o f chromium in  th e  c a t io n ic  form d ecreases  w ith  in c re a s in g  ^ 2^5 concan'4ir,a -  
t io n  and co n seq u en tly  in  th e  p a r a l l e l  b a tc h  s tu d ie s  i t  i s  to  be ex pec ted  
th a t  th e re  w i l l  be a f a l l  i n  th e  amount ta k en  out o f s o lu t io n  by th e  r e s in  
as i s  in  f a c t  observed . F urtherm ore , th e  r e s u l t s  o f the  column e x p e r i­
ments in d ic a te  th a t  th e  PO, : Cr r a t i o  in c re a s e s  from 1 .6  —  2 .1  as th e4
s o lu t io n  in c re a s e s  in  Po0c c o n c e n tra tio n . This in c re a se  in  r a t i o  i s2 5
m irro red  in  th e  b a tc h  experim en ts where a s im i la r  in c re a se  i s  observed  
f o r  the  more l i g h t l y  c ro s s - l in k e d  r e s in .  For th e  more c lo s e ly  c ro s s -  
l in k e d  r e s in  th e  amount o f chromium and phosphate sorbed  i s  so sm all as to  
re n d e r th e  r a t i o  in a c c u ra te ,
(2 ) (a ) D iscu ssio n  o f r e s u l t s  o b ta in ed  in  which s o lu tio n s  c o n ta in in g
a c o n s ta n t amount o f 1*2^5 were u sed  -  s o lu t io n s  aged a t  70°C*
S im ila r  c o n s id e ra tio n s  app ly  h e re  as were a p p lie d  in  (1 ) above. From th e  
column experim en ts (see  Table 36a) in  w hich fo c a t io n ic  chromium ahd phos­
p h a te  was determ ined , i t  may be seen th a t  as th e  amount o f chromium in
- a b ­
s o lu t io n  r i s e s  so the  % o f c a tio n io  complexes a lso  in c re a s e s  w hile  the  
r a t i o  of PO^ : Cr f a l l s .  The b a tch  experim ents show s im ila r  b eh av io u r,
A more d e ta i le d  d is c u s s io n  o f th e  complexes p re s e n t i s  d e fe r re d  to  th e  
d is c u s s io n  on th e  chrom atographic s e p a ra tio n s  s in ce  th e se  s o lu t io n s  have 
been f u l l y  in v e s t ig a te d  i n  t h i s  way,
(b) -  s o lu tio n s  aged a t  100°C 
A com parison o f th e  r e s u l t s  o b ta in e d  a t  th e  two tem p era tu res  in d ic a te s  
t h a t  the  system i s  s u b s ta n t ia l ly  th e  same a t  b o th  tem p e ra tu res  ( c f .
T ables 32 and 33) in  th a t  the amount so rbed  and th e  PO^ : Cr r a t i o  i s  
about th e  same in  b o th  cases  and b eh av io u r i s  e x a c tly  s im ila r  i n  th e  
o th e r  e f f e c t s  which have been examined.
D iscu ssio n  o f Anion exchange r e s u l t s
The e f f e c t  o f  v a ry in g  tim es o f  c o n ta c t o f  a 2■§$ Cr^O^ s o lu tio n
aged a t  70° w ith  3&e-acidite IT  in  v a rio u s  forms was a lso  s tu d ie d  (see  
Table 34 and F ig , 11 ) ,  The r e s u l t s  th a t  have been o b ta in ed  may be d iv id e d  
in to  two c la s s e s  :
(1 ) The r e s in  in  th e  C10^ , N0^ , Cl , CH^ COO , S0^ ~ form s,
(2 ) The r e s in  i n  th e  P0^ o r HCO  ^ form ,
( 1 ) The f i r s t  group a re  those  in  which th e  amount o f chromium sorbed
re a c h e s , f o r  each form  of th e  r e s in ,  a  c o n s ta n t v a lu e  b e fo re  48 hours 
e la p se d . The d if fe re n c e  betw een th e se  f i n a l  v a lu e s  i s  p robab ly  a  measure 
o f  th e  d i f f e r in g  a f f i n i t i e s  o f the  io n s  f o r  th e  r e s i n  as compared w ith  th e
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m ixture o f an io n ic  chromium phosphate complexes and phosphate#
(2) The second group are th o se  in  which th e  amount of chromium sorbed  
i s  s t i l l  in c re a s in g  a f t e r  2^ 8 h o u rs . The reaso n  f o r  t h i s  ap pears  to  
l i e  in  the  f a c t  t h a t  th e re  i s  a c e r t a in  amount o f in te r a c t io n  ta k in g  
p lace  betw een th e  an io n ic  chromium complexes t h a t  a re  be ing  sorbed  and 
e i th e r  PO^ o r HCO^, i# e .  t h a t  r e a c t io n s  o f th e  fo llo w in g  ty p e  are  
o ccu rrin g  :
(a  ^ y + [cr(P04 ) i 3“ icr (An)y^ |n_ + 2 P 0^ ~
3-  \  —[ X*“
(b) - z  Anm“  + ; 'C r(P 0 ^ )2]  <------  | Cr ( i n ) z (P04 )j + PO^3"
and th a t  co n sequen tly  more chromium i s  be in g  so rbed . These r e s u l t s  
in d ic a te  t h a t  in  column ex p erim en ts  where s e p a ra t io n  in to  a n io n ic  and 
c a t io n ic  complexes i s  a ttem p ted , n e i th e r  PO^ n o r HCO^  form o f  th e  
an ion  exchange r e s in  should  be used .
The r e s u l t s  o f  th e  up tak e  of an io n ic  chromium on th e  p e rc h lo ra te  
form o f th e  r e s in  a re  r a th e r  odd on com parison w ith  
th o se  o b ta in e d  when s im ila r  chromium sp ec ie s  so rbed  on a r e s in  sample 
a re  a llow ed  to  s tan d  w ith  HCIO^ o f  d i f f e r in g  pHs f o r  a s im ila r  p e r io d .
The zero  up take of chromium in to  De-acicLite FF in  CIO^ form i s  a cc e p tab le  
s in ce  th e  a f f i n i t y  o f CIO^ f o r  th e  r e s in  i s  h ig h , b u t a cc o rd in g ly  i t  
Y/ould be im agined th a t  HCIO^ would be p a r t i c u l a r ly  e f f e c t iv e  in  removing
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s im ila r  sp ec ie s  from  th e  r e s in .  A p o s s ib le  e x p la n a tio n  th a t  t h i s  i s
n o t th e  case l i e s  n o t in  a c o n s id e ra tio n  o f th e  r e l a t iv e  a f f i n i t i e s
o f th e  io n s  in v o lv ed  b u t on an io n ic  s iev e  e f f e c t .  I t  i s  w e ll known
th a t  CIO^ form o f  th e  r e s in  has undergone c o n s id e ra b le  sh rinkage  due to
th e  h ig h  a f f i n i t y  t h a t  CIO^ has f o r  th e  r e s in  and in  consequence la rg e  
f "l 3-io n s , such as j Cr(P0, )^1 would f in d  i t  h a rd  to  p e n e tra te  th e  r e s in  
bead . On th e  o th e r  hand, when th e  re v e rse  p ro c e ss  i s  b e in g  c o n sid e red  
i t  may be p ic tu re d  th a t  CIO^ io n s  r e a d i ly  e n te r  th e  r e s in  bead and n ear 
th e  su rfa ce  ra p id  exchange ensues and th e n  w ith  p a r t i a l  co n v ersio n  to  
th e  CIO^ form sh rin k ag e  occurs and e f f e c t iv e ly  lo c k s  in  th e  rem ain ing
io n s *
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SECTION D.
ION EXCHANGE SEPARATIONS
The d is c u s s io n  i s  concerned  on ly  w ith  th e  r e s u l t s  o b ta in e d  u s in g  Zeo 
Karb columns, i . e .  th e  experim ents in  which th e  c a t io n ic  ©omplexes were 
se p a ra te d  from the  r e s t  o f the  s o lu t io n .
The r e s u l t s  may b e s t  be  d iscu ssed  under two heads :
(1) The experim ents w ith  s a tu r a te d  s o lu t io n s .
(2) The experim ents w ith  u n s a tu ra te d  s o lu t io n s .
( l )  From th e  r e s u l t s  g iven  in  T ables 36a and b , i t  w i l l  be seen th a t  
the  r a t i o  o f PO^/Cr* on th e  r e s in  rem ains f a i r l y  c o n s ta n t ,1 .63 + 0 .02  
f o r  th e  s a tu r a te d  s o lu t io n s , w h i l s t  th e  PO^/Cr r a t i o  o f th e  o r ig in a l  so lu ­
t io n s  v a r ie s  betw een 8 .98  and 2 .6 8 . The f ig u r e s  o f th e  column s e p a ra tio n s  
may be compared w ith  th o se  o b ta in e d  on com parable b a tc h  experim ents -  th o se  
where th e  r e s in  was in  c o n ta c t w ith  the s o lu t io n  f o r  some two h o u rs .
TABLE 48
Comparison o f  r a t i o s  from  b a tch  and column exp erim en ts
S o lu tio n
❖
Column
P 0 ,/C r
Batch
PO^/Cr
p i I .63 1.43
5 1.65 1.33
l i 1.65 1.22
10 1.63 1.23
I2i 1.61 1.42
*See Table l6  f o r  meaning o f d e s c r ip t io n
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The resu lts of the batch experiments give a consistently  lower 
ratio and th is  i s  probably explained as follows
(a )  The column experimentswill e ffe c tiv e ly  sorb a l l  the cationic  
complexes present in  the solution w hilst the batch experiments vjould tend 
to favour the complexes that are held more strongly -  vfhich as has been 
already commented on w ill  almost certain ly have a lower PO /^Cr value*
(b ) That th e re  i s  th e  p o s s i b i l i t y ,  as was observed  in  c e r t a in  ex­
p e rim en ts , see e s p e c ia l ly  Table 33 a l i g h t l y  h e ld  complex such as
i s  therefore higher than the true value.
The sign ifican t feature of the resu lts  of these column experiments
the same in  a l l  the solutions and th is  would lead to the suggestion that the 
study o f the saturated solutions might not be the most profitable line of 
investigation , since these solutions probably contain the same complexes 
but in  greater concentration as the concentrations of the saturated solutions 
increase.
The second feature i s  that as the PO /^Cr value f a l l s  in  the original 
solution so the amount of chromium and phosphate that i s  present in  a 
cationic form increases. I t  i s  of in terest to note that there i s  a very 
high amount of cation ic phosphate,up to 45% in  the more concentrated 
saturated so lu tions. (See Fig. 1 9 ),
being washed off the resin  in a batch experiment.
(c) That in  the column experiment undissociated phosphoric acid  
i s  being sorbed along with the complex cations and that the PO /^Cr value
i s  that the ratio of PO^  : Gr of the cation ic complexes i s  approximately
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(2 ) Taking th e  r e s u l t s  g iven  in  T ables 3^a and b f o r  the  u n s a tu ra te d
s o lu t io n s ,  i t  may be  seen  th a t  w h i ls t  th e  amount o f chromium and phosphate
p re s e n t  as c a t io n ic  complexes fo llo w s  a s im ila r  t r e n d  to  th a t  o u t l in e d
above, n e v e r th e le s s  th e  b eh av io u r o f  th e  P 0 ,/C r v a lu e  i s  d i f f e r e n t*
4
In  th e  case o f th e  s a tu r a te d  s o lu t io n s  th e  PO^/Cr v a lu e  o f -the c a t io n ic  
sp e c ie s  i s  app rox im ate ly  c o n s ta n t b u t  i n  the  case  o f  the u n s a tu ra te d  
s o lu t io n s ,  th e  value  v a r ie s  c o n s id e ra b ly , in  f a c t  betw een 2*08 -  1*59* 
These f ig u r e s  may be compared w ith  co rresp o n d in g  v a lu es  o b ta in ed  from  
th e  b a tc h  s tu d ie s  in  the  fo llo w in g  Table :
TABLE 49
Comparison o f r a t i o s  from b a tc h  and column experim ents
S o lu tio n Column B atch
❖ P o y c r  .
1 - 5 1 .77 1 .42
1 - 1 0 2.07 1.55
1 - 1 3 2.08 1 .80
5 - 1 5 1.88 1 .66
1 0 - 1 3 1 .82 1 .50
15 -  15 1 .80 1 .42
20 -  15 1 .59 1 .3 4
* See Table 30 f o r  meaning o f d e s c r ip t io n
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Once again the PO /^Cr values of the comparable batch experiments
are lower but the trend in  the values follows c lo se ly  that found from 
the column experiments# I t  i s  obvious from the resu lts using 
1 - 1 5  and 1 - 1 0  solutions that a certain amount of free phosphate 
i s  being sorbed on the column under the conditions of the experiments 
and i s  not being washed o ff .
The resu lt of the column experiment on the 1 - 1 5  solution  
indicates clearly  that the only complex present i s  one in  which 
the ratio  of Cr : PO^  i s  1 : 2 and as th is  i s  a cationic complex
i t  can only have the formula Cr
151-
SECTION Eo 
ION EXCHANGE CHROMATOGRAPH!
Taking th e  r e s u l t s  g iven  in  T ab les 42a and b , th e  p resence  o f  complexes 
w ith  th e  most p robab le  r a t i o s  may be ta b u la te d  i n  th e  fo llo w in g  way*
The complexes are  l i s t e d  in  o rd e r  o f e lu t io n ,  i . e .  C 1 f i r s t  and C 2 
n ex t and so on down to  C 7-
Appearance of complexes i n  s o lu tio n s  o f corEtahtP^O,- c o n c e n tra tio n
Complex R atioPO^/Cr
s o lu t io n s  in  o rd e r  o f  in c re a s in g  Cr concn.
1 - 1 5 5 - 1 5 10 -  15 15 -  15 2 0 - 1 5
C 1 2 y y v / y y
C 2 1. 5 s / y y y
C 3 1 .33
//V y y /
C 4 1 .25 y y —
C 5 1 .12
C 6 1 .0 \ S
C 7 0 .5 •y
The s t r u c tu r e s  o f Cl and C 7 must be j H^PO^ -  Cr -  H^PO, i *  and 
HPO "1 ^Cr A"** Cr and presum ably th e  o th e r  complexes must be i n t e r ­
m ediate i n  c h a ra c te r  and in  ch arg e . C 7 i t  w i l l  be n o tic e d  was th e  r e s u l t  
o f - t r e a t i n g  the column w ith  8N a c id  and i s  p robab ly  a  b reak  down p ro d u c t
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of a complex w ith  a h ig h e r  PO^/Cr v a lu e .
These r e s u l t s  along  w ith  th o se  o f th e  io n  exchange s e p a ra tio n s  
in d ic a te  th a t  as th e  chromium c o n te n t in c re a s e s  w h ils t  th e  phosphate  
c o n c e n tra tio n  rem ains c o n s ta n t so
(a )  The % c a t io n ic  chromium in c re a s e s ,
(h ) The number o f com plexes r i s e s  and th a t  th e  PO^/Gr v a lu e  f a l l s  
w ith  th e  succeed ing  com plexes,
(o ) That th e  o v e ra l l  PO^/Cr va lu e  f a l l s  as th e  P^/fer va lue  of 
th e  s o lu t io n  f a l l s .
The p robab le  s t r u c tu r e s  o f the complexes must be c o n s is te n t  
w ith  th o se  a lre a d y  p o s tu la te d , must be o f eq u a l o r  in te rm e d ia te  charg e , 
and. must f i t  in to  th e  p ro b ab le  mechanism of fo rm a tio n .
In  th e  l i g h t  o f th e  fo reg o in g , i t  i s  p o s s ib le  to  draw up 
th e  fo llo w in g  ta b le  o f  p robab le  s t r u c tu r e s  f o r  th e  complexes :
TABLE 51
P robab le  s t ru c tu re s  o f complexes found in  s o lu t io n s  o f  c o n s ta n t
P^O,- c o n c e n tra tio n ,
A D
Probable s t r u c tu r e s  
+
Complex ; pV Cr
C 1 2
C 2 1 .5
C 3 1.33
C 4 1 .25
C 5 1 .1 2
C 6. 1 .0
C 7 0 .5
L - Cr -  h2p\
| -  Cr -  HPO^ -  Cr -  H gPO j 2*
[ H ^  -  (Cr -  HP0^)2 -  Cr -
[ H 2FO^ -  (C r -  HP0^)3 -  Cr -  HgPOj
[ h2p \  -  ( Cr -  “  Cr -
| HoP0. -  Cr -  HPO, -  C r]
[C r  -  HPO^ -  Cr j
3+
1
7+
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In  th e  case of C 2, C 3 , C 4 , G 5 th e  charge may be reduced 
by one, o r  two u n i t s  by th e  lo s s  o f a hydrogen from  one o r  b o th  o f  
th e  te rm in a l a c id  phosphate g ro u p s, and of more u n i t s  of charge i f  
th e  hydrogen io n s  a re  l o s t  from the  b r id g in g  p h o sp h ate s .
These s t r u c tu r e s  and the  r e s u l t s  o f  t h i s  s e c t io n  a re  a l l  in  
acco rd  w ith  th e  r e s u l t s  of th e  b a tch  experim ents b u t in d ic a te  th a t  
i t  would be d i f f i c u l t  to  use th e  approach o f  Salmon (19) in  try in g  
to  i n t e r p r e t  th e  b a tch  r e s u l t s  de novo.
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SECTION Ac 
GENERAL DISCUSSION AND CONCLUSIONS
One of the e a r lie s t  observations in  the present work i s  the rather 
remarkable increase in  the rate of aging between the temperatures which 
have been studied. I f  i t  i s  assumed that the in i t ia l  formation of a 
complex involves a slow step followed by a chain reaction, an equation of 
the type as the f ir s t  stage would be most probable.
3+ Tau u slow \  \ n /„  I 3+| Cr^gOjgj + + Phosphate j- CrC^O)^
ra£id^ | Cr(H20)5 ly r o j  2+   ( l )
In  chem ical r e a c t io n s  in  g e n e ra l we have th e  fo llo w in g  r e la t io n s h ip  f o r  
r a t e s  o f r e a c t io n  a t  tem p era tu res  t  and t  + 10.
K r  tt  + 10 —- 2 o r 3 where K =  r a t e  c o n s ta n t.
. Kt
W h ils t th e  p re s e n t  work has n o t p ro v id ed  th e  a p p ro p r ia te  d a ta , th e  
tim e o f  aging i s  an in d ic a t io n  o f th e  r a te  c o n s ta n t and th e  f ig u r e s  betw een 
40°C. and 70°C. show th a t  a  rea so n a b le  tim e o f ag in g , b ased  on the  d a ta  
a t  2jj0°C., would p r e d ic t  a  tim e o f som ething betw een 3 -  13 days a t  70°C.
where 3 Is  the lowest lim it by putting a very unusually high figure for  
K Kthe ratio  of t  + 10 /  t .  However, the work of Plane and Taube*' ( i )  
on the exchange of H^ O with £ C^H^O)^ indicates that there i s  a large
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tem pera tu re  in c rem en t. They c o n s id e r  th a t  th e  slow  s te p  in  the  exchange 
to  be ;
and so th e  p re s e n t  f ig u r e s  may be rea so n ab le , on the  o th e r  hand i t  m ight 
be in f e r r e d  t h a t  two ro u te s  o f aging a re  p o s s ib le ,  th e  one favou red  a t  
low te m p e ra tu re s , and th e  o th e r  a t  h ig h e r te m p e ra tu re s . In  any case th e  
p resence  o f phosphoric  a c id  i s  l i k e l y  to  be o f  c o n s id e ra b le  im portance i n  
the  deduoing o f  a  p o s s ib le  mechanism of fo rm atio n  of com plexes, and i t s  
beh av io u r w ith  tem p era tu re  i s  o f  c o n s id e ra b le  i n t e r e s t .
I t  has been shown by H am ed and Embree ( 2) t h a t  th e  io n iz a t io n  
c o n s ta n ts  o f a number o f a c id s  conformed to  a  g e n e ra l e m p ir ic a l e q u a tio n  
as f a r  as t h e i r  b eh av io u r w ith  r e s p e c t  to  tem p era tu re  was concerned.
The io n is a t io n  c o n s ta n t  k . . f o r  an  ac id  a t  tem p era tu re  t°C . i s  ex­
p re s se d  as :
W ith in  th e  range o f t  -£ ) = + 75 deg rees th e  e q u a tio n  may b e s t  be w r i t te n  :
J Cr(H20)g{ 3+ .£122^ [ o (h20 )5
lo g  kj. = lo g  km + f  ( t  -?> )   (2 )
where k ^  = max. va lue  o f th e  io n iz a t io n  o o n s ta n t which occurs a t  
tem p era tu re  f j  .
f  ( t  ) i s  a  fu n c tio n  o f tem p era tu re .
lo g  kt  = lo g  km ----  5.0  x l c f 5 ( t  - S ) 2   (3)
Nimis (3 ) a p p lie d  t h i s  e q u a tio n  to  th e  e x p e rim en ta lly  determ ined  v a lu e s
o f  k,i fo r i  H,POj .3 4.
E quation  (3 ) f o r  k^ f o r  becomes
log  kt  = —  2.0304 —  5 X 10“5 ( t  + 18)2   (4 )
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and showed th a t  k^ (o b s) was v e ry  c lo se  to  k^ ( c a lc )  in  t h e  range of 
0 -  50°• C onsequently  t h i s  e q u a tio n  may be a p p lie d  w ith  confidence  up 
to  a  tem p era tu re  of 93°C. in  o rd e r to  c a lc u la te  pk^ v a lu e s  f o r  H^PO^ f o r  
h ig h e r  te m p e ra tu res  than ' pk^ h as  been m easured,
temp, pk^
50°C, 2.260
70°C. 2 .428
100°C. 2.728
S im ila r ly  th e  e x p re s s io n  f o r  k^ has b een  c a lc u la te d .-  F o r  k^ th e  ex­
p re s s io n  becomes ;
lo g  k2 t  = —  7.1888 ----- 5 .0  X 10-5  ( t  -  4 3 .1 )2 ............... (5)
and i t  i s  p o s s ib le  to  c a lc u la te  s im ila r  v a lu e s  o f pk^
temp, pkg
50°C. 7 .191
70°C. 7 .220
100°C. 7.363
So above th e  tem pera tu re  of 43*1°C. b o th  k^ and k^ f o r  phosphoric  a c id  
a re  d ecreasin g  -  t h a t  i s ,  i t  i s  becoming a weaker a c id .  Thus i t  i s  c le a r  
th a t  above 43°C. a somewhat d i f f e r e n t  C l im a te 1 e x i s t s  in  th e  system  
chromium ( i l l )  -  phosphoric  a c id .
I t  seems reaso n ab le  to  suppose t h a t  t h i s  accounts f o r  the  e n t i r e ly  
d i f f e r e n t  b eh av io u r o f th e  system  a t  25° and 40°C. to  th a t  observed  a t  70°C. 
and 100°C.
In  th e  l i g h t  o f th e  fo reg o in g  and o f th e  r e s u l t s  so f a r  o b ta in e d  in
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the  p re s e n t  study , i t  i s  p o ss ib le  to  p o s tu la te  th e  fo llo w in g  mechanism 
f o r  th e  fo rm atio n  of th e  v a rio u s  complexes :
[cr(H20)g] 3+ [cr(H 20)5j 3+   (a )
[ c r ( H 20 )5 'j 3+ + HgPO^" jjM g P O ^ H g O ^  j 2+ -------- (b )
The th i r d  s te p  i s  o f co n s id e ra b le  i n t e r e s t ,  i t  i s  obvious th a t  th e  p re ­
f e r r e d  s t r u c tu r e  of phosphate bonded to  chromium i s  as a  monodentate 
l ig a n d  and co n seq u en tly  vfe have :
[ < * W ]  2+ + H2P°4 - - - * t  Cr(H2PV 2 ] + ---
r a th e r  th an  o r  as  w e ll as
a P  >o, / P  s /~ *
Cr X — > r ----- >  "■p
OH 011 Y  OH L  N 0 h
Hi'f |_| +
/O x
— -> C r  U  ---------  (d )
X C  OH
bo th  c and d in v o lv e  th e  lo s s  o f  a  second m olecule o f w a te r from the  j.
chromium c a t io n  which, s in ce  th e  a b so rp tio n  peaks o f th e  complex are  
s h i f te d  tow ards th e  i n f r a  re d  -  im ply ing  t h a t  th e  l ig a n d  groups a re  h e ld  
l e s s  f i rm ly  th a n  in  the  aquo complex, Y fill n o t be such a slow s tep  as ( a ) ;  
b u t presum ably (c )  i s  fav o u red  s in ce  th e  fo rm a tio n  of a s ta b le  four-membered 
r in g  depends on th e  u n hydra ted  io n ic  ra d iu s  of chromium (se e  G-enge and j
Salmon (4))> and th e  e le c t r o n e g a t iv i ty  o f the  m eta l ion^and th e  a v a i la ­
b i l i t y  o f s u i ta b le  o r b i t a l s .  I t  appears from  t h e i r  work th a t  th e  use
2 3of in n e r  d o r b i t a l s  in  fo rm a tio n  of d sp h y b rid  o r b i i a l s  i s  no t h e lp fu l  in  
the  fo rm atio n  o f a  h ig h ly  p o la r  lin k ag e  a s  p ic tu re d  above.
F u r th e r  complexes may be form ed by s u i ta b le  e lim in a tio n  r e a c t io n s  
o f th e  type :
( V v  —  c r  —  H2P04  [ H2P04 — Cr   H2pcv ]  +
f
^  =*1 2+ 
j H2P0^ ----  Cr   HPO^  Cr   H2P0J  + H3P° 4  -----
where th e  elem ents o f phosphoric  a c id  a re  s p l i t  ou t by a p ro c e ss  o f 
e l im in a tio n  s im ila r  to  t h a t  d e sc rib e d  as - o la t io n  by B jeri^m  (5 ) and 
o th e rs  i n  the  fo rm a tio n  o f p o ly n u c le a r  complexes o f chromium in v o lv in g  
hydroxyl b r id g in g .
I t  i s  easy  to  p ic tu r e  th e  b u i ld  up of complexes in  s o lu t io n  u t i l i z i n g  
t h i s  concep t o f e lim in a tio n  o f phosphoric  a c id  betw een complexes (which 
m ight be term ed p h o sp h o -o la tio n ^  As th e  c o n c e n tra tio n  in c re a s e s  so 
th e  p ro c e ss  re p e a ts  i t s e l f  to  give c h a in  complexes of th e  ty p e  so f a r  
p o s tu la te d .  When the  s o lu t io n  becomes s a tu r a te d ,  th e se  p o ly n u c le a r 
complexes form  a b a s i s  f o r  th e  a c tu a l  s t r u c tu r e  o f th e  s o l id  m a te r ia l  
which i s  p re s e n t  in  c o n ta c t  w ith  th e  s a tu r a te d  s o lu t io n .  Thus th e re  
would be u n i t s  of th e  type :
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p re s e n t in  th e  s o l id  phase , and t h i s  would accoun t s a t i s f a c t o r i l y  f o r  
th e  b eh av io u r o f th e  m a te r ia l  as found in  th e  p re s e n t  work*
The concept o f  - o la t io n  ha s  been a p p lie d  to  :
(a )  s o l id  m a te r ia ls
(b ) c o l lo id a l  p a r t i c l e s
(c )  n o n -c o llo id a l ag g reg a te s  in  s o lu t io n
by a number o f w orkers, e .g .  Ewing (6 ) and th e  schoo l o f Thomas (7 ) .
They have su g gested  th a t  the  b eh av io u r o f hydrous ox ides in  each  o f th e se  
th re e  s t a t e s  may be b e s t  e x p la in e d  i n  term s o f  an - o la t io n  co n cep t.
The work o f  th e  schoo l of S i l l e n  (8) and th e  p o s tu la t io n  o f th e  
s t r u c tu r e  o f p o ly n u c le a r complexes of m e ta l hydrox ides based  on a 
fco re  and l i n k s ’ th e o ry  owes i t s  o r ig in  in  th o u g h t a t  l e a s t  to  th e  id e a s  
o f - o la t io n .
The p re s e n t  work su g g es ts  t h a t  th e  concep t i s  o f  w id er a p p l ic a t io n  
under s u i ta b le  c o n d itio n s .
Summary o f C onclusions
The m ajor d if f e re n c e  betw een th e  chromium ( i l l )  -  phosphoric  a c id  system 
a t  0° -  4.0oC. and 70° -  100°C. i s  th e  appearance o f p o ly n u c le a r  com plexes. 
These have n o t been n o ted  in  th e  p rev io u s  work o f Jameson and Salmon (9 ) 
a t  0°C and A0°C.
At a  c o n s ta n t Po0,- c o n c e n tra tio n  and a t  low  chromium c o n te n t the  2 5
f i r s t  c a t io n ic  complex th a t  i s  formed i s  a sim ple m ononuclear one o f
P0, : Cr r a t i o  o f 2 : 1 . As th e  chromium c o n c e n tra tio n  r i s e s  so th e  
k-
o v e ra l l  PO^ : Cr r a t i o  o f th e  c a t io n ic  complexes f a l l s  and v a r io u s  p o ly ­
n u c le a r  sp e c ie s  appear (see  Table 5'1) p ro b ab ly  formed by e lim in a tio n  
re a c t io n s  of the type in d ic a te d  in  e q u a tio n  ( e ) .  From th e  chrom atographic 
work i t  i s  c l e a r ly  th e  p o ly n u c le a r  complexes which a re  s u sc e p tib le  to  
breakdown in to  sm a lle r u n i t s  by H io n s .
Table 52 c o r r e la te s  the r e s u l t s  o f th e  work in  the  system  chromium 
( i l l )  -  phosphoric  ac id  f o r  th e  d i f f e r e n t  tem p e ra tu res  so f a r  o b ta in e d .
TABLE 52
C a tio n ic  complexes found in  th e  chromium ( i l l )  -  phosphoric  
a c id  system .
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SECTION B 
POSSIBLE EXTENSIONS
There are three main f ie ld s  which suggest themselves as leading 
on from th is  work.
a) A correlation of ion-exchange chromatographic resu lts and batch 
experiment resu lts .
(2) A fu lle r  investigation  of the present system at lower and higher 
temperatures and at higher concentrations,
(3)  An investigation  as to whether the concept i s  of wider application,
(1) One of the more disappointing features of the present work was the 
in a b ility  to interpret, other than in general terms, the resu lts  of the 
batch experiments in  which compl&x chromium ( i l l )  species were sorbed on 
the resin . I t  would therefore be useful taking the known batch and 
column resu lts  and developing expressions which could be applied to batch 
studies of other similar systems, where the complexes are not su ffic ien tly  
stable as to permit chromatographic separation,
(2) Whilst a number of points have become clearer in  the investigation  
of the present system, there i s  obviously a great deal of work which 
could profitably be done at lower temperatures -  particularly the chroma­
tographic technique could be applied more widely now that the in i t ia l  
problems of achieving satisfactory  separations have been overcome,
A possible way in which the length of time of aging could be reduced 
would be by the use of a small amount of added chromous sa lt . Plane
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and Taube ( l )  have commented on th e  in c re a se  in  r a te  o f r e a c t io n  in  
the  system  ^(^(H gO )^ j -  HgO on th e  in tro d u c t io n  of chromous io n s  
i n t e r  a l i a ,
(3) The p o s tu la t io n  o f  th e  concept of p h o sp h o -o la tio n  su g g es ts  t h a t  
i t  should  be of voider a p p l ic a t io n  than  j u s t  th e  p re s e n t system , and 
i t  would be u s e fu l  to  examine such system s as f e r r i c  ( i l l )  -  phosphoric  
a c id  and aluminium ( i l l )  -  phosphoric  a c id  a t  70°C, o r h ig h e r . Again, 
i f  th e  concep t i s  g e n e ra l th e n  o th e r  oxy l ig a n d s  b e s id e s  hydroxide 
and phosphate shou ld  show s im ila r  b eh av io u r . The most obvious system  
to  in v e s t ig a te  would be som ething l ik e  chromium ( i l l )  -  a r s e n ic  a c id  
in  the  f i r s t  in s ta n c e .
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